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EDITORIAL 


Biggest opportunity of our age 


he importance of the agreement reached at the 
Paris climate Conference of Parties (COP21) last 
month cannot be overstated. It is a major step 
toward preventing some of the worst risks that 
climate change presents to the global economy 
and security. Now is the time to seize the op- 
portunity that this moment represents. We must 
transform world economies away from fossil fuels to- 
ward a more sustainable 
low-carbon future. 

Research and innovation 
have a critical role in this 
transformation. Advances 
in renewable energy gener- 
ation, smart energy storage, 
smart grids, and improved 
energy efficiency will help 
countries meet the targets 
they have signed up to in 
Paris for reducing green- 
house gas emissions. But 
crucially, these advances 
will enable countries to in- 
crease their emission reduc- 
tion targets, which are set 
to be reviewed every 5 years 
under the United Nations 
Framework Convention on 
Climate Change system. In- 
deed, nations must increase 
their targets if we are to 
achieve a safe and stable cli- 
mate in which temperature 
rise is limited to less than 
2°C. The Paris agreement 
sets out a distinct long-term goal of net zero emissions 
in the second half of the century, showing that the 
world is committed to decarbonizing the economy. This 
sends a strong signal to industry and investors that the 
shift is global, irreversible, and transformational, and 
provides confidence that will clear a path for the pri- 
vate sector to drive a long-term solution. 

Many companies are considering signing up to 100% 
renewable energy pledges. The dynamic has changed— 
previously, the cost-benefit analysis was more finely 
balanced; now, it is a higher-risk strategy not to invest 
in renewable energy and sustainability. 


“Now is the time to...transform 
world economies...toward a more 
sustainable low-carbon future.” 


There is already more investment in renewable en- 
ergy globally than there is in conventional energy. This 
trend is expected to increase to meet the enormous new 
demand resulting from the Paris agreement. Although 
there is currently a shortage of good investable green 
projects, an increase in finance to meet the new de- 
mands for clean energy will create more business op- 
portunities for such projects, such as cheap and large 
rechargeable batteries and 
solar- and battery-powered 
airships for transport. 

“Mission Innovation,” 
the initiative announced in 
Paris, will see 20 countries, 
including the United King- 
dom and the United States, 
double their public sector 
budgets for clean energy re- 
search and development. In 
addition, the Breakthrough 
Energy Coalition, a global 
group of private investors 
including Bill Gates, will 
provide investment flows 
of potentially $20 billion 
in its early stages, for the 
most promising new clean 
energy technologies that 
can be streamlined into the 
marketplace. 

Backed by the U.S. and 
UK governments, the En- 
ergy Africa initiative aims 
to ensure that every home 
in Africa has clean, afford- 
able energy by 2030. A huge challenge, indeed, but 
renewable clean energy is already growing faster in 
many developing nations than it is in richer countries 
because it makes economic sense and is the right choice 
for environmental and health reasons, too. 

So the direction is set: decarbonization. The target: 
to reduce greenhouse gas emissions fast enough to pre- 
vent the worst impacts of climate change from hitting 
all of us, particularly the world’s poorest and most vul- 
nerable. The opportunity: immense. The question that 
remains: What part are you going to play? 

- Sir David King 


V/s 


Sir David King 

is the United 
Kingdom Foreign 
Secretary’s Special 
Representative for 
Climate Change. 
E-mail: david. 
king @ fco.gov.uk 
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&& Some question whether people even care what 
happens to a vial of blood or bits of a tumor after they leave 
the doctor. But trust me, they care. 99 


Rebecca Skloot, author of The Immortal Life of Henrietta Lacks, in a The New York Times 
op-ed on proposed changes to U.S. rules governing patient consent for biospecimen research. 
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hat periodic table poster on your wall is about to 
be out of date, thanks to four new chemical ele- 
ments that just received official recognition. The 
newcomers, acknowledged by the International 
Union of Pure and Applied Chemistry last week, 
are some of the heaviest ever discovered, with 
atomic numbers of 113, 115, 117, and 118. They will be 
named by the two research teams that discovered them 
between 2002 and 2010. The researchers generated 


the atoms using a particle accelerator, firing beams 
of lighter elements at the nuclei of heavier ones until 
some of them fused. Studies of how these massive nu- 
clei quickly decay have already offered insight into the 
forces that hold atoms together. According to these find- 
ings, even heavier elements might have conformations 
that are especially stable—suggesting that if scientists 
can ever make atoms that big, they might stick around 
for longer than a few microseconds. 


AROUND THE WORLD 
Coal port expansion under fire 


SYDNEY, AUSTRALIA | Australian scien- 
tists have slammed the environmental 
impact assessment (EIA) process behind 
projects such as the expansion of the 
Abbot Point coal terminal near the Great 
Barrier Reef, approved last month by 
federal environment minister Greg Hunt. 
“Tt’s a tick-the-box exercise,’ says Alana 
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Grech, a spatial information scientist at 
Sydney’s Macquarie University. In a paper 
online in Conservation Letters, Grech and 
colleagues assert that EIAs are plagued by 
conflicts of interest, inconsistent methods, 
and a lack of independent evaluation. They 
suggest an independent review process 
using expert peer reviewers, funded by 
companies proposing development. The 
coal terminal expansion will dredge more 
than a million cubic meters of spoil near 
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Abbot Point 
coal terminal. 


sciencemag.org SCIENCE 


IMAGES: (TOP TO BOTTOM) ADAPTED FROM IUPAC BY C. SMITH/SCIENCE; TOM JEFFERSON/GREENPEACE 


PHOTO: KILEY RIFFELL 


the reef, and make Abbot Point one of the 
world’s largest coal ports. 


Iran creates ‘Muslim Nobels’ 


TEHRAN | Iran is offering a lucrative new 
science prize, which it hopes will further 
its goal of becoming known as a research 
powerhouse. Late last month, two nano- 
technology experts took home inaugural 
Mustafa Prizes, each including $500,000 
in cash. Jackie Ying, executive director of 
the Agency for Science, Technology and 
Research’s Institute of Bioengineering and 
Nanotechnology in Singapore, won the 
“top scientific achievement” award for 

a body of work including nanoparticles 
that deliver insulin to diabetic patients, 
and Omar Yaghi, co-director of the Kavli 
Energy NanoSciences Institute at the 
University of California, Berkeley, snared 
the prize for nanoscience. One rationale 
for the awards is that only three Muslims 
have won a Nobel Prize in science, but 

the award is also open to non-Muslims 

in Islamic nations. The “most important 
policy” of the new prize, explains Mehdi 
Safarinia, director of the Pardis Technology 
Park in Tehran, which manages the 
awards, is to make Iran “a center of excel- 
lence in the Islamic world.” 


FINDINGS 


Predicting vaccine side effects 


People who are prone to having mild 

side effects to vaccines may have tell- 

tale signs in their blood cells, suggests a 
study reported online this week in Nature 
Immunology. A team led by immunologist 
Adrian Hayday of King’s College London 
analyzed which genes were turned on in 
blood samples taken from 178 people in 
the United Kingdom before and after they 
received a flu vaccine. About 20% of the 
people had side effects such as inflam- 
mation at the injection site or headaches, 
and the researchers found that this subset 
was more likely to have turned on genes 
affiliated with antibody-producing B cells 
before receiving the shot. A closer analysis 
of this group found high levels of a specific 
type of B cell—again, prevaccination—that 
is linked to autoimmune responses. 


NEWSMAKERS 


Three Q’s 


On 1 December 2015, archaeologist Nicole 
Boivin accepted a job as director at the 
Max Planck Institute for the Science of 
Human History in Jena, Germany. She 
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This orchid smells like humans 


Platanthera obtusata is 
pollinated by mosquitoes. 


rchids are masters of deception, mimicking the looks of nectar-laden flowers or 
the smells of rotting meat or female insects to lure potential pollinators. Now, 
sensory biologists have discovered that the orchid Platanthera obtusata emits 
a smell like human body odor to recruit tiger mosquitoes. The species is one of 
only a few flowers that rely on mosquitoes to transfer pollen. Chloé Lahondére 
and Jeff Riffell from the University of Washington, Seattle, and their colleagues col- 
lected chemicals emitted by several Platanthera species to better understand how 
these plants could coexist in the same bog without interbreeding. They suspected 
that each attracts a different set of pollinators. P obtusata has some odor compo- 
nents common to many flowers, but it also gives off chemicals found in human body 
odor, they reported this week at the annual meeting of the Society for Integrative and 
Comparative Biology in Portland, Oregon. Although the orchid’s odor is barely detect- 
able by humans, it elicits electrical activity in mosquito antennae. Riffell suggests that 
the potentially mosquito-attracting chemicals could prove useful in traps and lures. 


joined archaeogeneticist Johannes Krause 
and linguist Russell Grey as the new insti- 
tute’s third director-level scientist. 


Q: What is “the science of human history”? 
A: It’s about using new scientific methods 
and approaches to looking at the past. 
Techniques like ancient DNA and quantita- 
tive linguistics, when combined with new 
techniques in archaeology, are revolution- 
ary. They are going to transform completely 
what we understand about the past. 


Q: What sorts of new questions can 

you answer? 

A: It’s clear from ancient DNA that people 
have moved around a lot. Those migra- 
tions and their influence on both culture 
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and ecology is something we have not 
been able to look at in deeper time. 
We'll be able to better understand 
present-day diversity. 


Q: Aren’t there serious tensions between 
your three fields? 

A: The stories you get from the differ- 

ent disciplines in many cases don’t line 
up. [But that has] forced geneticists and 
archaeologists to talk to each other and 
figure out why the data sets are so differ- 
ent. What we need is productive dialogue. 
Researchers need to have lunch together 
and seminars together. That’s what is 
exciting about Jena. We may mix depart- 
ments so linguists have their desks next to 
geneticists and archaeologists. 
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By Gretchen Vogel 


razilian fetal medicine specialist 
Manoel Sarno first noticed in July that 
something was seriously wrong. In 
just 2 weeks, he diagnosed four cases 
of microcephaly, a previously rare 
birth defect in which the baby’s head 
is too small because the brain fails to fully 
develop. Sarno, who works at the Federal 
University of Bahia in Salvador, Brazil, says 
he typically sees half-a-dozen cases in a year. 
It was the beginning of an avalanche. 
Since then, Sarno has diagnosed more than 
70 fetuses with microcephaly, which can lead 
to seizures, developmental delays, learning 
disabilities, and impaired motor function. 
Across northeastern Brazil, doctors have 
reported nearly 3000 cases in the same 
period—more than 20 times the usual rate. 
Scientists are scrambling to understand 
what is going on. The leading theory so far— 
and Sarno’s initial hunch—is that the spike 
is caused by a little known mosquito-borne 
virus called Zika that surfaced in Brazil in 
March and is quickly spreading through 
Latin America (Science, 27 November 2015, 
p. 1012). But Zika has never before been 
linked to microcephaly. “The challenge is 
that this has just exploded, and we know so 
little about the natural history of Zika virus,” 
says Albert Ko, a tropical disease specialist at 
Yale University and the Oswaldo Cruz Foun- 
dation in Salvador. 
Meanwhile, pregnant women in Brazil 
have panicked, the government has declared 
a public health emergency, and some doctors 
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are telling women not to get pregnant until 
more is known. The spectrum of emotions 
at maternity wards “would break anyone’s 
heart,’ says Nikos Vasilakis, a virologist at 
the University of Texas Medical Branch in 
Galveston on assignment in Salvador to help 
improve Zika tests. In parents of afflicted in- 
fants, he says, “I have witnessed expressions 
of love but also rejection of the babies.” 

Zika usually causes only mild symptoms, 
including fever and rashes; as many as 80% 
of infected people may not get sick at all. 
That benign reputation explains why early 
warnings from Sarno and other obstetri- 
cians about Zika were met with disbelief. 
Yet to Sarno, the link seemed plausible. In- 
fections are a known cause of microcephaly, 
which is thought to result from the loss of 
developing brain cells, especially during 
the key early weeks of fetal development. 
Almost all the mothers whose babies had 
microcephaly told Sarno that they’d had a 
mild fever or rash early in their pregnancy; 
mothers whose babies were healthy or had 
other types of birth defects rarely reported 
such symptoms, he says. 

Circumstantial evidence for a link to Zika 
has continued to build. Doctors found the 
virus in the amniotic fluid of two fetuses di- 
agnosed with microcephaly via ultrasound. 
Zika was also detected in tissues of a baby 
with microcephaly that died shortly after 
birth. And after Brazil raised the alarm, 
health officials in French Polynesia—which 
had a Zika outbreak in 2013 and 2014—said 
they had identified more than a dozen babies 
born with neural defects; tests showed that 
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Dejailson Arruda holds his daughter Luiza, born with 


microcephaly, at their house in Pernambuco state, Brazil. 


many of their mothers had been exposed to a 
flavivirus, the family to which Zika belongs. 

Most of the Brazilian babies born with 
microcephaly don’t test positive for Zika, 
however, nor do their mothers. That may be 
because current tests for the virus are only 
conclusive for a short time after symptoms 
appear; tests on recovered patients can’t 
distinguish between antibodies to Zika and 
those to dengue, a related virus that is ex- 
tremely common in Brazil. Several groups 
are working to develop better diagnostic 
tools, including one that could identify Zika 
antibodies in umbilical cord blood. IgM anti- 
bodies don’t cross the placenta, so the pres- 
ence of such antibodies to Zika would be 
evidence that the baby was infected in the 
womb, 

Vasilakis says.A link between Zika and 
microcephaly may not have surfaced before 
because previous outbreaks were simply too 
small, says Ana Maria Bispo de Filippis, head 
of the flavivirus laboratory at the Oswaldo 
Cruz Institute in Rio de Janeiro, Brazil. But 
the virus may also somehow have become 
more pathogenic. (Some virologists suspect 
a recent genetic change has also allowed the 
virus to spread more easily.) Another pos- 
sibility is that pregnant women who have 
antibodies to dengue might mount a less in- 
tense immune response to Zika, says Patricia 
Carvalho de Sequeira, who works in Bispo’s 
lab. That might increase the chance that the 
virus crosses the placenta and infects a fetus. 
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virus crosses the placenta and infects a fetus. 

One way to nail down the connection 
would be to show that the virus causes similar 
brain anomalies in developing animals. 
But although Zika can infect mice when 
injected into their brains or bloodstreams, 
the animals aren’t considered good models 
for the virus’s behavior in humans, Vasilakis 
says. “Nonhuman primates are the only 
model that comes close.” 

A possible alternative is tests in cerebral 
organoids, tiny models of the developing 
human brain grown from stem cells. The 
organoid model has already been used to 
help explain how a genetic mutation causes 
microcephaly (Science, 30 August 2013, 
p. 946). Now, Patricia Garcez of the Federal 
University of Rio de Janeiro, together with 
colleagues at the neighboring D’Or Institute 
for Research and Education, has begun stud- 
ies that will infect organoids to see how the 
virus affects them. 

Slowing Zika’s spread will not be easy. 
Controlling Aedes mosquitoes, the hosts to 
Zika, dengue, and chikungunya (another 
mosquito-borne virus rampant in Brazil), 
is notoriously difficult; for now, Brazilian 
health authorities simply recommend that 
pregnant women do what they can to avoid 
being bitten. That means wearing protec- 
tive clothing, keeping doors and windows 
screened, and using insect repellant. 

In the long run, a vaccine might help 
prevent Zika outbreaks; vaccines already 
exist for dengue and two other related viruses, 
and one for Zika could be constructed using 
similar strategies within a year, says Duane 
Gubler of the Duke-National University of 
Singapore Graduate Medical School. “But it 
would take years to test,’ he adds. So little is 
known about Zika’s natural pattern of spread 
that clinical trials could be difficult to design. 

Meanwhile, the virus is advancing fast. It 
surfaced in Colombia, Suriname, Guatemala, 
El Salvador, and Mexico in October and 
November; Puerto Rico reported its first 
cases last week. Countries across the 
Americas should be prepared for a similar 
wave of birth defects in coming months, Ko 
warns. In northeast Brazil, Zika infections 
tapered off after peaking in May, but officials 
are bracing for a new wave when the rainy 
season begins in February. 

Researchers are working overtime to 
answer basic questions asked by patients, 
says epidemiologist Federico Costa of the 
Federal University of Bahia. If a woman 
has had Zika but recovered, are future 
pregnancies safe? How long does Zika virus 
remain in an infected person? Is Zika also 
causing other types of damage in unborn 
babies, which will only show up later in 
development? As Ko puts it, “is this really 
just the tip of the iceberg?” & 
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WATER RESOURCES 


Iraq confronts a new 
enemy—the Persian Gulf 


Drought and dams allow saltwater to invade, threatening 
people and the ancient marshes of Mesopotamia 


By Andrew Lawler, in Basra, Iraq 


t the Huweza Station for Marsh 

Research in southern Iraq, Badir 

Albadran pulls out a Swiss Army 

knife, cuts a plastic soda bottle in 

half, and fills it with river water. Us- 

ing a pocket salinity meter, the geo- 
logist at the University of Basra pegs the 
sample at 3.8 grams of salt per kilogram. 
“This was fresh until recently, but now it is 
brackish,” he says, offering a taste. It is too 
bitter to drink. 

As Iraqi forces consolidate their victory 
last week over the Islamic State (IS) group 
in the city of Ramadi north of Baghdad, a 
new and insidious enemy is marching on 
the south. The Persian Gulf is creeping re- 
lentlessly up rivers and canals shrunken 
by water diversions upstream and by years 
of drought. The result is a growing crisis 
for farmers and the 2.5 million residents 
of Iraq’s booming southern metropolis of 
Basra. The rising salinity also threatens 
attempts to restore the region’s famous 
marshes—the most extensive wetlands in 
the Middle East—which nearly disappeared 
during the reign of Saddam Hussein. 


“Tf we allow nature to take its course, the 
gulf will move inland,” says Ali Douabul, a 
marine chemist at the Marine Science Cen- 
ter at the University of Basra. 

At emergency meetings last month in 
Baghdad and Basra, officials from the 
Ministry of Water Resources huddled with 
researchers to consider options for rescu- 
ing the marshes while assuring adequate 
freshwater for people, crops, and livestock 
in southern Iraq. But the stakeholders have 
yet to agree on a strategy to combat dwin- 
dling freshwater and rising salinity. 

The unfolding crisis is tied to conten- 
tious Middle East politics, Douabul says. 
Turkey is building dozens of dams in the 
mountainous headwaters of the Euphra- 
tes and Tigris rivers, which flow through 
Iraq, while the IS group also restricts flow 
along the stretches of river it now con- 
trols. Water that does reach southern Iraq 
is mismanaged, with the government en- 
couraging water-intensive crops such as 
rice. Exacerbating these human factors is 
a months-long dry spell that came hard 
on the heels of a 2006 to 2010 drought be- 
lieved to have contributed to the onset of 
Syria’s civil war. 


Freshwater flowing through southern Iraq's marshes, including this one, is critical to sustaining the people and 


animals that have lived for thousands of years in this ecosystem. 
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A half-century ago, the discharge at the 
mouth of the Shatt-al-Arab, the waterway 
formed from the confluence of the Tigris 
and Euphrates near the Persian Gulf, was 
900 cubic meters of water per second. Now 
it is less than 50 cubic meters per second, 
Douabul says. (Albadran estimates the rate 
is closer to 20 cubic meters per second.) 
The flow of freshwater is no longer strong 
enough to hold back the gulf. As recently 
as a decade ago, tidal impact was limited 
to the mouth of the Shatt-al-Arab. In recent 
years, however, tidal effects have been 
observed 100 kilometers inland, far north 
of Basra. The seawater is also working 
its way up the beds of rivers and canals, 
turning groundwater brackish. 

The lack of freshwater has devastated 
marsh ecology, says Latif Nasra, a local 
who works at Huweza Station. The 
Huweza Marsh near Basra once covered 
approximately 2500 square kilometers, 
and was home to thousands of Marsh 
Arabs who lived on small islands, fishing 
the freshwater and grazing cattle on reeds. 
Cinderblock houses along rough dirt roads 
are now appearing where reeds once grew 
along wide canals. Less than 10% of the 
marsh is left, Albadran says, and only a 
few dozen families still live there. The loss 
stems from a combination of new dams 
upstream, the drought, and government 
attempts in the 1990s to drain the marshes. 
Without copious freshwater, restoring the 
ecosystem would be difficult, experts say. 

In a _ startling consequence of the 
dwindling river flow, a new coral reef 
has formed just a few kilometers off the 
Iraqi coast, a team from the University of 
Basra and Germany’s Freiberg University 
of Mining and Technology found in 2014. 
Previously, sediment-filled freshwater 
gushing into the sea prevented such coral 
growth in this part of the Persian Gulf. 

Albadran says the rising salinity is 
even overwhelming desalination plants 
constructed in recent years around Basra 
and downstream to supply increasingly 
scarce freshwater. These use membranes 
that tolerate only certain salinity levels and 
require extensive maintenance. 

In a meeting last week, Douabul urged 
water officials to construct a barrage on 
the Shatt-al-Arab 30 kilometers south of 
Basra to restrict saltwater incursion. Such 
barrages have proved successful in places 
like Singapore but the high cost makes 
some of his colleagues skeptical that the 
government would follow through. 

Last month, the water ministry agreed 
to divert water from the Euphrates to en- 
sure that the Central Marsh, 100 kilome- 
ters northwest of Basra, can survive, says 
Jassim al-Asadi from the Chibaish office of 
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A water crisis deepens across lraq 


Drought, dams, irrigated crops, and growing cities like Basra mean less freshwater is flowing into the marshes 
and the Persian Gulf. As a result, the swamps are in crisis and the salty gulf is steadily creeping inland. 
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Nature Iraq, an environmental organiza- 
tion that seeks to protect and restore the 
marshes. “This means that we can save 
a good part of the marsh, but not all,” he 
says. But Douabul argues that the marshes 
are beyond saving and that the little fresh- 
water still reaching southern Iraq must go 
to agriculture and drinking water. 

In the long run, Douabul believes that 
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an international water agreement between 
Iraq, Turkey, and Iran is critical to Iraq’s 
future, along with better management 
of the water that crosses the Turkish 
border. It’s a tall order for a nation facing 
existential challenges, but he is emphatic 
that the issue must be faced—and soon. 
“Wake up, Iraq,” he says. “Think water, 
water, water!” & 
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SOLAR ENERGY 


Cesium fortifies next-generation solar cells 


A dash of the metal could hold the key to making cheap, durable perovskite photovoltaics 


By Robert F. Service, in Boston 


n a world looking for better, cheaper 

alternative energy, the solar cell materi- 

als called perovskites are a bright hope. 

Their efficiency at converting sunlight 

into electricity is climbing faster than 

that of any solar technology before 
them. They’re cheap and easy to make, 
can be manufactured roll-to-roll like news- 
print, and can even be layered atop con- 
ventional silicon solar cells to boost their 
output. But they are fragile stars: Moisture, 
air, heat, or even prolonged sunlight makes 
them fall apart. 

Now, these materials are toughening up. 
Over the past few months, three separate 
teams have reported that adding a dash of 
cesium to their perovskite recipes produces 
efficient solar cells that are far more stable 
when exposed to the elements. It’s still 
too early to say whether cesium-spiked 
perovskites will withstand years or decades 
on a rooftop. Even so, “this is really a 
breakthrough for the field,” says Michael 
Graetzel, a chemist at the Swiss Federal 
Insitute of Technology in Lausanne, who 
leads one of the groups. 

Perovskites are rapidly overcoming 
other shortcomings. The first perovskite- 
based solar cells, made 6 years ago by 
Japanese researchers, turned just 3.8% of 
the energy in sunlight into electricity, an 
efficiency well below that of silicon and 
other commercial technologies (Science, 
15 November 2013, p. 794). But last month, 
at a meeting of the Materials Research 
Society here, researchers from South 
Korea reported evidence that their latest 
cells rival silicon, reaching a record 21.7% 
efficiency. Researchers are growing ever 
more hopeful that perovskite solar cells 
will soon approach 30% efficiency, rarefied 
territory now occupied only by costly 
gallium arsenide cells. “There seems to be 
no fundamental reason these materials 
won't achieve the efficiencies gallium 
arsenide has achieved,” says Henry Snaith, 
a physicist at the University of Oxford in the 
United Kingdom. 

Yet unlike gallium arsenide, perovskites 
are made from cheap components— 
typically including the inorganic elements 
lead and iodine, together with one of two sim- 
ple organic compounds, methylammonium 
(MA) or formamidinium (FA)—in a layered 
crystalline arrangement. All the chemistry 
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Tandem solar cells, such as this 10-centimeter disk, 
combine the benefits of perovskite and silicon. 


needed to make them can be done without 
the expensive high-temperature setups or 
clean room facilities needed for many other 
solar cell materials. “This is really quite re- 
markable for the perovskites,’ says David 
Mitzi, a physicist at Duke University in Dur- 
ham, North Carolina. 

Perovskites are also exceptionally good at 
absorbing photons. As a result, cells can be 
made very thin, which further lowers costs. 
A thinner cell can also be more efficient, 
because electrons energized by sunlight 
are less likely to get hung up on imperfec- 
tions in its crystalline lattice as they travel 
to an electrode, which feeds them to an 
external circuit. 

Yet “high efficiency is meaningless if the 
cells aren’t stable,” says Giles Eperon, a 
physicist at Oxford. So researchers around 
the globe are searching for more stable 
perovskite recipes. They've swapped out 
lead for tin, antimony, and bismuth: other 


~ 


metals nearby in the periodic table. And 
they’ve replaced iodine with bromine and 
chlorine. Most such changes reduce the 
materials’ efficiency. 

But one change—replacing MA with FA, 
a slightly larger organic molecule—actually 
increases it. In the 12 June 2015 issue of 
Science, for example, Sang I] Seok, a chemist 
at the Korea Research Institute of Chemical 
Technology in Daejeon, South Korea, and 
his colleagues reported achieving more 
than 20% efficiency with FA-lead iodide 
perovskite solar cells. Cells with FA alone 
or a mixture of FA and MA also appear 
to be somewhat more stable than pure 
MaA-lead iodide cells. When MA cells are 
taken out of a protective glove box, they 
degrade almost immediately, turning from 
black to yellow—a change that shows they 
are absorbing a narrower band of visible 
light. Mixed FA-MA materials also degrade, 
but more slowly: in minutes rather than 
seconds, Snaith says. 

Now, several groups have found that add- 
ing cesium to their recipe seems to further 
stabilize the other components and helps 
the mixture retain its perovskite structure 
and black appearance. Nam-Gyu Park, a 
chemical engineer at Sungkyunkwan Uni- 
versity, Suwon, in South Korea, first de- 
scribed the approach. In a 21 October 2015 
online paper in Advanced Energy Materi- 
als, he and colleagues reported that replac- 
ing 10% of the MA with cesium yielded 


Perovskite solar cells reflect different colors depending on their composition; darker ones absorb more light. 
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solar cells that held up “significantly” better 
to humidity and sunlight, although they did 
not give specific numbers. 

These cells had a top efficiency of 16.5%, 
a step behind the best MA-only cells. But 
progress has continued. In a paper pub- 
lished online 3 December 2015 in Energy 
& Environmental Science, Graetzel and 
colleagues reported perovskite cells with a 
mix of MA, FA, and cesium that had an ef- 
ficiency of just over 21%, a result verified 
by an independent lab. It seems clear that 
cesium is a key to making cells more stable 
and powerful. “I’m sure this is where the 
field is going to go,” Graetzel says. 

Cesium-containing perovskites can also 
be coaxed to work well with silicon cells, 
as Snaith and colleagues report online 
this week in Science. Such combinations 
typically layer a perovskite cell on top of 
a silicon cell. The materials absorb differ- 
ent wavelengths of light, because they have 
different band gaps—the amount of extra 
energy they must absorb to shake elec- 
trons loose from their atoms so they travel 
through the material. Silicon, with a band 
gap of 1.1 electron volts (eV), is good at ab- 
sorbing photons on the red end of the visi- 
ble spectrum. Typical MA-based perovskites 
have a bandgap of 1.5 eV and thus absorb 
slightly shorter, or bluer, photons. Combin- 
ing the two materials captures more of the 
solar spectrum—and thus more energy— 
than either could harvest alone. 

To make tandem cells perform better, re- 
searchers want to widen their net by push- 
ing the band gap of perovskites higher so 
they will absorb even bluer light. Groups 
led by Snaith and others have done that by 
replacing some or all of the iodine with bro- 
mine. But the changes made the cells more 
vulnerable to heat and light. 

In their current study, Snaith’s team re- 
placed 17% of the FA with cesium. The re- 
sulting bromine-based perovskites could 
withstand exposure to prolonged light 
and high temperatures. The cells were 
also 17% efficient, and they had the wider 
band gap needed to work well with silicon. 
The researchers calculate that by layering 
the material atop a 19% efficient silicon 
cell, they could create a tandem cell with 
an efficiency of 25%. Snaith says silicon- 
perovskite tandems eventually ought to ex- 
ceed 30% efficiencies. 

So far, numbers like that have been 
the sole territory of gallium arsenide 
cells—devices so expensive they are used 
primarily in space, where it’s worth pay- 
ing a premium for higher efficiency. If 
cesium-spiked perovskites can bring high- 
efficiency solar cells down to Earth, the 
temperamental challengers’ brightest days 
may still lie ahead. m 
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Conservation researchers get 
a new roost in Cambridge 


Renovated building aims to foster alliances 


By Erik Stokstad in Cambridge, U.K. 


onservation and cement often don’t 

mix. But a concrete, 1960s-era Brutal- 

ist office building here is set to become 

home to one of the largest concen- 

trations of conservation scientists in 

the world. Five hundred researchers, 
conservation practitioners, and support staff 
are now Settling into the freshly refurbished 
David Attenborough Building, renamed after 
the prominent naturalist and television host. 
The building is the new hub of the Cambridge 
Conservation Initiative (CCI), an effort to ex- 
pand collaborations between the University 
of Cambridge, its Mu- 
seum of Zoology, and 
the many conservation 
groups here. 

“The scale of the 
ambition and _ vision 
is really remarkable,’ 
says biologist Georgina 
Mace of University Col- 
lege London, who has 
advised CCI but is not 
involved in the center. 
Academics will find 
new opportunities to 
apply their research, 
planners predict, while 
conservation groups 
will get help address- 
ing key problems. “This 
building will become a flagship for conserva- 
tion,” predicts Peter Crane, Dean of the Yale 
School of Forestry & Environmental Studies. 

Cambridge has long been a conservation 
hotbed. Organizations with nearby head- 
quarters, the Royal Society for the Protection 
of Birds and the British Trust for Ornitho- 
logy, were joined over the years by others 
including BirdLife International, the United 
Nations Environment Programme’s World 
Conservation Monitoring Centre (WCMC), 
and the International Union for Conserva- 
tion of Nature’s Global Species Programme. 
In 2007, nine groups and the university 
founded CCI to strengthen ties, and have 
raised some £2 million for pilot projects. 

Several years ago, CCI saw an opportunity 
to deepen such alliances after the university’s 
mathematics and metallurgy departments 
left their aging downtown home: a three- 
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David Attenborough visited the conservation 
hub when it was named for him last year. 


story, turreted concrete fortress. CCI helped 
the university raise nearly one-third of the 
£58 million spent on the renovation, which 
included adding a green roof and an atrium 
with a 12-meter-tall wall of plants. Architects 
worked to avoid isolated offices, instead cre- 
ating long sight lines and numerous common 
rooms. “I see this as an experiment,’ says 
Mike Rands, CCI’s director. He notes that a 
team of social scientists is studying how the 
building affects interactions between the aca- 
demics and the conservation advocates. 

The offices will be occupied by up to 150 
people from university departments, includ- 
ing zoology, plant sciences, law, and business, 
along with an estimated 
350 from conservation 
organizations. Smaller 
groups are moving in 
all of their employees, 
whereas larger ones will 
rotate in staffers. “There 
is an incredible buzz 
about the place,’ says 
Matt Walpole, WCMC’s 
director of partnerships 
and development. 

Fostering collabora- 
tion between academics 
and conservation advo- 
cates will likely bring 
benefits, but it also 
has hazards, says Josh 
Tewksbury, a conserva- 
tion biologist with the University of Colorado, 
Boulder, who is not involved in the project. 
“For a university, there’s always a brand risk 
to the credibility of science by bringing in ad- 
vocacy organizations,” he says. Those groups, 
meanwhile, risk being distracted by basic re- 
search not relevant to their missions. 

But Rands believes that by harnessing “the 
Cambridge brand” for conservation research, 
the hub will become a go-to resource for gov- 
ernment, business, and philanthropy leaders. 
In November, for instance, the president of 
Madagascar paid a 3-hour visit. “We'll see 
more of this happening,’ Walpole predicts. 

In the meantime, the new space is having 
a psychological impact on its occupants. “It is 
an impressive statement of intent,” says con- 
servation scientist Andrew Balmford of the 
University of Cambridge. “Everyone feels an 
inch taller.” m 
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BEHIND THE NUMBERS 


For female scientists, mixed funding results at U.S. agencies 


By Jeffrey Mervis 


Are female scientists less likely than men 
to receive research grants from the U.S. 
government? The first cross-agency effort to 
answer that question suggests the answer is 
sometimes yes. 

But the new study by the congressional 
Government Accountability Office (GAO) 
in Washington, D.C., comes with several 
caveats. Some agencies don’t collect the 
data needed to reveal gender disparities in 
funding, which forced GAO to find a novel 
way to address the concerns of the three 
Democratic congresswomen who requested 
the study. In addition, discrimination may 
not be the reason for a disparity. Finally, some 
agencies aren’t doing what the law requires 
to track the impact of their investments on 
gender equity at U.S. universities. 

GAO intended to use grant application 
success rates as a marker for potential 
government discrimination against women. 
It requested data from 2009 through 2013 
from six agencies that together manage 90% 
of the government’s research investment in 
basic and applied research in science and 
engineering. And there’s some good news 
in the report (GAO-16-14): Success rates 
for men and women are similar at the two 
biggest agencies, the National Institutes 
of Health (NIH) and the National Science 
Foundation (NSF). 

But there’s also bad news. The picture 
is less rosy at the other agencies: At the 
Department of Energy’s (DOE's) Office of 
Science and the Department of Defense’s 
(DOD's) Office of Naval Research, success 
rates for men are seven percentage points and 
six percentage points higher, respectively, 
than for women. And GAO couldn’t even 
answer the question at NASA and other 
research units within DOD and DOE because 
those agencies don’t systematically collect 
and maintain demographic information on 
grant applicants. The lack of data makes it 
impossible to know whether NASA, DOE, 
and DOD are fulfilling their mission to fund 
“the best science and the best scientists, 
irrespective of gender,’ GAO concludes. 

The missing data didn’t stop the GAO an- 
alysts. They turned to NSF’s Survey of Doc- 
toral Recipients (SDR), a long-running study 
that tracks the career paths of nearly 1 mil- 
lion scientists and engineers and includes 
self-reported data on funding sources. GAO 
could not use the SDR data to compute suc- 
cess rates directly, because the survey does 
not ask recipients whether they have applied 
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for a federal grant. But the data do offer 
glimpses of gender differences among those 
who have received grants from NIH, NSF, 
DOE, and DOD (see table, below). 

Taken as a whole, the data show that 
women were actually one-third more likely 
than men to have received NIH funding. 
They were only one-third as likely as men 
to have received DOE funding, however, and 
half as likely to have gotten DOD funding. 

One reason for the disparities, GAO 
analysts note, might be variations in the 
pool of applicants. Women represent a 
larger percentage of the pool in biomedical 
research than in the physical science and 
engineering fields that DOE and DOD 
typically support. Taking discipline into 
account does bring women close to parity 
with men at NIH, GAO found. It also erases 
a significant gap at the more eclectic NSF, 
and improves the situation for women at 
DOE and DOD. 


Who is more likely to get a grant? 


An initial edge for women (shaded area) at the Na- 
tional Institutes of Health disappears after correcting 
for discipline and other variables. Those adjustments 
improve a dismal picture at the Department of 
Defense and the Department of Energy. 


Odds ratio 


Men favored Women favored 
NIH 
NSF 
DOD 
DOE 
0 0.5 10 15 
HB Rawdata [)) Adjusted for Adjusted for 
discipline other workplace 
factors 
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GAO also looked at other variables, such as 
where scientists work, their academic rank, 
and their years of experience. Controlling 
for those factors, it found almost no gender 
gap in success rate at NIH. But a small gap 
reopened at NSF, and there was no change 
in women’s grants odds at DOD and DOE. 

The ever-cautious GAO analysts note 
that a gender disparity in grant awards isn’t 
necessarily due to bias in the grantsmaking 
process. “We can’t conclude that there is 
discrimination,’ says GAO’s Melissa Emrey- 
Arras, the lead author. “For example, you 
can’t fault DOE for not giving half of its 
money to women if women make up only 
15% of the pool in the disciplines they fund.” 

Still, the report suggests that the gender 
disparity is real. “Where the analysis points 
to unequal funding outcomes for similarly 
qualified men and women, more data would 
be needed to explain the sources of these 
differences,” the report notes, “and it is 
possible that these differences would persist 
even with better data.” 

GAO also found that although NIH has 
been even-handed in awarding grants, 
it has ignored a federal requirement to 
monitor whether the universities it funds 
are complying with a provision of a 1972 
law—known as Title IX—intended to 
prevent gender discrimination. That means 
NIH is not tracking the effect of the tens 
of billions of dollars it spends on academic 
opportunities for women, GAO concluded. 

NIH’s parent organization, the De- 
partment of Health and Human Services 
(HHS), doesn’t dispute that finding. But 
HHS officials told GAO that they “had re- 
ceived only a few Title [IX complaints” from 
NIH-funded institutions and that they rely 
on the “expertise” of the Department of 
Education to ensure Title IX compliance 
by universities. 

That’s not good enough, says the American 
Association of University Women (AAUW) 
in Washington, D.C. “We’ve suspected that 
there were significant gaps [in compliance 
reviews] based on conversations with our 
members,’ says AAUW’s Erin Prangley. 
Conducting such reviews, she adds, “is not 
just a good idea, it’s the law.” 

The analysts hope their report won’t be the 
last word on the subject. Are the apparent 
gender disparities “a pipeline issue, or a lack 
of mentoring, or an institutional culture?” 
Emrey-Arras asks. “We need to try and 
figure out what’s happening.” & 
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A SHOT AT MIGRAINE 


Drug companies are racing to prove antibody treatments 
can prevent the debilitating headaches 


s long as she can remember, 
53-year-old Rosa Sundquist has tal- 
lied the number of days per month 
when her head explodes with pain. 
The migraines started in childhood 
and have gotten worse as she’s 
grown older. Since 2008, they have 
incapacitated her at least 15 days 

per month, year-round. 
Head-splitting pain isn’t the worst of 
Sundquist’s symptoms. Nausea, vomiting, 
and an intense sensitivity to light, sound, and 
smell make it impossible for her to work—she 
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By Emily Underwood 


used to be an office manager—or often even 
to leave her light-proofed home in Dumfries, 
Virginia. On the rare occasions when she 
does go out to dinner or a movie with her 
husband and two college-aged children, she 
wears sunglasses and noise-canceling head- 
phones. A short trip to the grocery store can 
turn into a full-blown attack “on a 
dime,” she says. 

Every 10 weeks, Sundquist gets 
32 bee sting-like injections of the 
nerve-numbing botulism toxin 
into her face and neck. She also 
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visits a neurologist in Philadelphia, Penn- 
sylvania, who gives her a continuous intra- 
venous infusion of the anesthetic lidocaine 
over 7 days. The lidocaine makes Sundquist 
hallucinate, but it can reduce her attacks, 
she says—she recently counted 20 migraine 
days per month instead of 30. Sundquist 
can also sometimes ward off an 
attack with triptans, the only 
drugs specifically designed to in- 
terrupt migraines after they start. 

Millions of others similarly 
dread the onset of a migraine, 
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although many are not afflicted as severely 
as Sundquist. Worldwide, migraines strike 
roughly 12% of people at least once per 
year, with women roughly three times as 
likely as men to have an attack. The Mi- 
graine Research Foundation estimates that 
U.S. employees take 113 million sick days 
per year because of migraines, creating an 
annual loss of $13 billion. The toll under- 
scores how little current treatments—not 
just drugs, but nerve-numbing injections, 
behavioral therapies, and special diets—can 
help many people. 

On the horizon, however, is a new class of 
drugs that many scientists believe can stop 
migraines at their root. The drugs block 
the activity of a molecule called calcitonin 
gene-related peptide, or CGRP, which spikes 
during migraine attacks. CGRP is “the best 
validated target for migraine, ever,’ says 
David Dodick, a neurologist at the Mayo 
Clinic in Phoenix. It may also help finally 
solve the centuries-old puzzle of what trig- 
gers the complex events of a migraine attack, 
which can cause brain activity to be “com- 
pletely disregulated” for several days, similar 
to epilepsy and other recurrent, seizurelike 
disorders, says Michel Ferrari, a neurologist 
at Leiden University in the Netherlands. 

Four pharmaceutical companies are rac- 
ing to complete advanced clinical trials of 
antibodies that either neutralize CGRP by 
binding to it, or block its receptor. So far, 
Dodick says, the data suggest the drugs work 
faster, for longer, and better than anything 
currently available. Most striking, he notes, 
is a subset of “superresponders,” whose at- 
tacks appear to cease entirely for 6 months 
after a single injection of a CGRP-blocking 
antibody. “I’ve been in this field now for 
21 years, and this is the most exciting thing 
we've seen so far,’ says Dodick, who has con- 
sulted for several of the companies develop- 
ing CGRP blockers. 

Others are more restrained. Given that the 
frequency of migraines can wax and wane, 
at least some people in these initial trials 
may simply be getting better on their own, 
Ferrari says. “For me, it’s still too early to 
judge the efficacy.” 


GREEK PHYSICIAN HIPPOCRATES de- 
scribed migraines in detail in the 5th century 
B.C.E., including the shining, scintillating 
“auras” that roughly a fifth of sufferers see a 
few minutes before an attack. Because vom- 
iting seemed to relieve some migraineurs’ 
symptoms, Hippocrates believed that the 
headaches resulted from an excess of “yel- 
low bile.’ But by the mid-20th century, most 
physicians thought that dilated arteries and 
veins in the head were key to the disorder 
because many patients describe feeling 
those blood vessels throb during an attack. 
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“Look at any portrait of a person having a 
migraine, and they are pressing their hands 
to their temples,’ says neurologist Marcelo 
Bigal at the Frazer, Pennsylvania, location of 
Israel-based Teva Pharmaceutical Industries, 
one of the companies developing a CGRP- 
blocking drug. 

Many of the early remedies constricted 
blood vessels, adding to the misperception 
that abnormal blood flow was key to the dis- 
order, Bigal says. The first such drugs, called 
ergotamines, were powerful vasoconstrictors 
derived from the ergot fungus, which grows 
on rye and other grains and led to mass 
poisonings in the Middle Ages. Large doses 
of the fungus can cause seizures, psychosis, 
and gangrene in the limbs—a syndrome 
some called St. Anthony’s fire—but doctors 
found that small doses could help prevent 
women from hemorrhaging after childbirth, 
and they sometimes relieved migraines. 

Yet even refined, synthetic versions of 
ergotamine can dangerously narrow blood 
vessels, so doctors and patients welcomed 
the triptans, which selectively 
constrict the blood vessels of the 
brain. Introduced in the 1990s 
and still the most widely pre- 
scribed migraine-specific drugs, 
triptans can head off a migraine 
attack in roughly 50% to 60% of 
people who take them. They don’t 
work for everyone, however, and 
they share an unpleasant side 
effect with ergots and many pain 
medications: If a person takes 
them frequently, their head- 
aches may become more fre- 
quent and severe. 

Although both ergotamine 
and triptans act on blood vessels, 
studies that began in the 1990s 
“torpedoed” the idea that dilated 
vessels actually cause migraines, 
says neurologist Jes Olesen of 
the University of Copenhagen. 
Particularly important, he notes, 
have been a series of detailed 
functional magnetic resonance 
imaging (fMRI)-based blood 
vessel studies showing no relationship be- 
tween abnormal blood flow in the brain and 
the pain of migraine attacks. 

As the blood vessel theory of migraines 
unraveled, researchers looked to other po- 
tential triggers. One was a disruption of 
normal electrical activity in the brain: a 
seizurelike phenomenon called cortical 
spreading depression (CSD). Strongly asso- 
ciated with the aura many migraineurs get, 
this slow wave of abnormal neuronal exci- 
tation usually begins in the occipital lobe at 
the back of the brain, and spreads over it at 
a rate of roughly 2 mm to 3 mm per min- 
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ute, says Michael Moskowitz, a migraine re- 
searcher at Harvard University. In its wake, 
neuronal activity is temporarily depressed. 

Genetic studies of people with inherited 
forms of migraine and some animal stud- 
ies suggest that CSD plays a central role in 
many, if not all, migraines, Moskowitz says. 
Of the 41 gene variants the studies have 
linked to migraine risk, many are in genes 
that modulate electrical activity in neurons 
and are thought to make carriers more 
susceptible to CSD. 

Based on experiments in _ rodents, 
Moskowitz believes CSD can trigger mi- 
graines by irritating a network of neurons, 
the trigeminovascular system, which inner- 
vates cerebral blood vessels. Moskowitz’s 
lab discovered the system at the Massachu- 
setts Institute of Technology in Cambridge 
in the 1980s, when they traced a group of 
fine nerve fibers radiating from blood ves- 
sels in the meninges—delicate membranes 
that envelop the brain and spinal cord—to 
the trigeminal nerve, which innervates the 
face, head, and jaw. Moskowitz 
proposed that migraine pain 
arises when these fine nerves are 
irritated or stimulated by CSD or 
other factors. He also suggested 
that blocking the release of Sub- 
stance P—the only pain-signaling 
neurotransmitter known at the 
time—in these nerves might ease 
migraineurs’ symptoms. 

Although many found the 
hypothesis compelling, multiple 
trials of drugs designed to block 
the activity of Substance P failed 
to head off acute attacks in mi- 
graine patients. Today, although 
most researchers agree that a 
hypersensitive trigeminovascular 
system is likely the source of 
pain in migraines, few would ar- 
gue that CSD is the only or most 
important factor in inflaming it, 
Moskowitz says. For one thing, 
most people who get the head- 
aches don’t experience the visual 
aura thought to be a conse- 
quence of CSD. And only a handful of brain 
imaging studies have actually shown hints 
of CSD in human migraineurs. These ex- 
periments, however, are difficult to conduct 
because they require deliberately sparking 
a migraine right before putting a person in 
an fMRI scanner. In 2001, Moskowitz per- 
formed what many in the field describe as 
the most compelling demonstration of CSD’s 
link to migraines, in an engineer who was 
able to trigger his own migraines through 
exercise—in this case, playing basketball for 
80 minutes before Moskowitz and colleagues 
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recorded his brain activity. 


8 JANUARY 2016 » VOL 351 ISSUE 6269 117 


NEWS | FEATURES 


THE FAILURE of the Substance P-blocking 
drugs opened the door for CGRP, an ob- 
scure, 37-amino acid peptide, discovered 
largely by accident by neuroscientists 
Susan Amara and Michael Rosenfeld of the 
University of California, San Diego. While 
studying a thyroid hormone called calcito- 
nin, which helps regulate the body’s sodium 
and calcium levels, Amara and Rosenfeld 
found that the same gene that encodes 
calcitonin in the thyroid gland produces a 
slightly different peptide in another part of 
the brain. As one of the earliest examples 
of alternative gene splicing, which enables 
a single gene to produce multiple proteins, 
the discovery made a splash when it was 
published in Nature in 1982. 

After finding CGRP is plentiful in brain 
pathways that process pain and in brain re- 
gions that regulate blood flow, neurologist 
Lars Edvinsson, of Lund University in 
Sweden, wondered whether CGRP is in- 
volved in migraines. His group soon found 
that CGRP can trigger what was then 
considered a hallmark sign of migraines: 
When released from the trigeminovascu- 
lar nerves, it is a powerful vasodilator of 
cerebral blood vessels. In 1990, he paired 
up with neurologist Peter Goadsby, now at 
King’s College London, to further explore 
CGRP’s role in migraine patients. After get- 
ting permission to take blood samples from 
the jugular veins of people who had come 
to the emergency room for a severe mi- 
graine, the researchers measured the 
amounts of a range of different pep- 
tides, including Substance P, during 
and after attacks. “The amazing 
thing was that CGRP was the 
only peptide that was signifi- 
cantly released,” Edvinsson says. 

At first, Edvinsson and oth- 
ers thought CGRP triggered 
migraines by expanding blood 
vessels in the brain. Instead, 
a growing pile of studies 
suggested that CGRP was 
not just a vasodilator, but a 
previously unknown, pain- 
signaling neurotransmitter. 
Other groups found that ris- 
ing levels of CGRP in jugular 
blood—not patterns of ab- 
normal blood flow—signaled 
a migraine attack. Then, 
in a pivotal 2002 study, 
Oleson and_ colleagues 
injected CGRP into the 
blood of migraineurs and 
found that they developed 
migrainelike headaches 
within hours, whereas 
nonmigraineurs got at most 
a mild headache. That sug- 
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gested migraineurs are unusually sensitive 
to the peptide’s effects, Oleson says. 

By the early 2000s, the biology around 
CGRP and migraine was strong enough to 
inspire a few companies to attempt drug 
development. German pharmaceutical 
company Boehringer Ingelheim designed 
a small molecule called bibn4096bs_ to 
block CGRP’s receptor. The drug could stop 
acute migraine attacks in some people, 
but produced adverse side effects. Another 
company, Merck, tried to block the CGRP 
receptor with a different small compound. 
It, too, seemed to work modestly well, but 
its trial also had to stop because it showed 
signs of liver toxicity. But the glimmers of 
efficacy were encouraging, says Jaume Pons 
in San Francisco, California, who was at that 
time head of protein engineering at Rinat, 
a spinoff of Genentech that specialized in 
antibodies to treat cancer. 

Pons and others began to explore other 
approaches. Perhaps antibodies were worth 
a shot, he thought, because they can last a 


long time in the body and can be exception- 
ally specific, reducing the frequency with 
which people need injections. But because 
most researchers thought it necessary to tar- 
get migraines in the brain and antibodies are 
generally too large to pass through the blood- 
brain barrier, they tended to dismiss the op- 
tion, Pons says. Back then, “most people were 
not considering the use of antibodies for 
pain,” but Rinat had already begun clinical 
trials of a different antibody pain treatment 
with promising initial results, he says. 

In 2004, Rinat launched an antibody pro- 
gram targeting CGRP. If it worked, the team 
reasoned, it would show that it was possible 
to treat migraines from outside the brain, 
by blocking CGRP only in the peripheral 
nervous system. That would lower the risk 
of the side effects often provoked by drugs 
that act in the brain, Pons says. In a few 
months, the firm developed the peptide- 
blocking antibody now being tested by Teva 
under the name TEV-48125. The antibody 
faced plenty of roadblocks. The Rinat team 


Migraine’s tangled roots 


Once considered a disorder of blood vessels, neuroscientists have pinpointed a new mechanism for migraines: 
the release of a substance called calcitonin gene-related peptide (CGRP, below), which sensitizes nerves (yellow) 
in the face, head, and jaw, and alongside blood vessels (red) surrounding the brain. Antibodies that block inter- 
actions between CGRP and its receptors on cells could become the next generation of migraine drugs. 
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Trigeminal nerves 

The trigeminal nerves relay sensations 
of pain and touch from the face, head, 
and jaw to a central hub, or ganglion, 
inside the brainstem. 


protect the brain and include 
the dura and pia mater. Like 
trigeminal nerves, these fibers 
produce CGRP. 
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managed to launch a phase I study testing 
TEV-48125’s safety, but Pfizer acquired the 
company in 2006, and by 2011, the firm 
“decided that migraine was not an area it 
wanted to pursue,” Pons says. 

Other big companies had made similar 
decisions at the time, Pons says. The Food 
and Drug Administration (FDA) has espe- 
cially stringent safety standards for pain 
treatments, and estimates for the market 
value of a new migraine drug are uncertain, 
ranging wildly from roughly $200 mil- 
lion several years ago to $5 billion, making 
it hard for companies to commit a large 
amount of money to drug development. 

Despite the risk, in 2013 a venture capi- 
tal company called venBio bought the 
rights to TEV-48125 and launched a new 
company called Labrys Biologics and con- 
tinued the antibody’s clinical development. 
Neuroscientist Corey Goodman, a managing 
partner of venBio in San Francisco, Califor- 
nia, had until 2009 been president of the 
biotherapeutics division at Pfizer, where he 
oversaw Rinat and Pons’s team. Goodman 
remembered TEV-48125 was a “very good 
antibody,’ and after recruiting more inves- 
tors, Labrys kicked off two phase II trials in 
people with frequent migraines. The trials 
produced “the most beautiful phase II data 
I’ve ever seen,’ Goodman says, with signifi- 
cant reductions in number of headache days 
over placebo, even for the most severe cases. 

Teva bought Labrys in 2014 and is now 
racing with Alder Biopharmaceuticals, Eli 
Lilly, and Amgen to win FDA approval for 
the first migraine antibody drug. So far, the 
four phase II clinical trials, at least one from 
each firm, have produced similarly encour- 
aging results, with up to 15% of participants 
experiencing complete relief, Goodman 
says: “I don’t think it’s too early to start talk- 
ing about a cure for some patients suffering 
from this debilitating disease.” 

One of the superresponders is 26-year-old 
Julia Berner, who has been getting a mi- 
graine every day since she was a little girl. 
Over the years, she’s tried epilepsy medica- 
tions, Chinese remedies, and nerve blocks, 
among countless other treatments, with 
no success. Within a few days of receiving 
four shots of Teva’s thick, viscous, antibody- 
containing solution in the back of her arms 
and the skin around her hips, however, the 
migraines disappeared. 

The difference was “mind-blowing,” 
she says. Berner usually spends her days 
avoiding any small disturbance that could 
make her constant, low-grade migraines 
more severe. After getting the antibody in- 
jections, that burden lifted. “I hadn’t real- 
ized how tired they make me,’ she says. 
“Everyone around me noticed the change in 
my demeanor.” 
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DESPITE SUCH ANECDOTAL SUCCESSES, 
some migraine researchers don’t think it’s 
time to celebrate yet. If CGRP “really is a 
fundamental mechanism, you would expect 
a much higher proportion of patients to 
be completely free of attacks,” Ferrari says. 
Safety also concerns him because of CGRP’s 
natural role in dilating arteries and main- 
taining blood supply to the heart and brain. 
“Theoretically, if you block CGRP you could 
translate a minor stroke or cardiac isch- 
emia ... into a full blown stroke or heart at- 
tack,” he says. So far, the companies say they 
haven’t seen that or other significant side 
effects in the several thousand people who 
have completed phase I and II trials, but the 
drugs have only been administered for up to 
6 months—not long enough to judge long- 
term effects, Bigal says. 

Still, the fact that CGRP antibodies can 
prevent migraines in some fraction of pa- 
tients is a “really cool finding” from a re- 
search perspective, says Andrew Russo, a 
molecular physiologist and neurologist at 


“‘Tve been in this field 
now for 21 years, and this 
is the most exciting thing 


we've seen so far.” 
David Dodick, Mayo Clinic 


the University of Iowa in Iowa City, who 
consults for Alder. 

The trial results confirm that CGRP is a 
major new player in migraines—and perhaps 
even the fundamental trigger—even though 
the chain of events remains murky. “We don’t 
really know what’s going on, but we have 
some ideas,” Russo says. One view is that the 
increased amounts of CGRP released at the 
start of a migraine sensitize the trigeminal 
nerve to what are normally innocuous sig- 
nals, resulting in inflammation in the nerves 
that is relayed to the brain as a pain signal. 

In that scenario, Dodick says, a mi- 
graineur’s brain is like a car with a height- 
ened alarm system that “goes off simply 
because you walked close to it.” In the end, 
the brain reaches what Sigal describes as a 
“permissive” state, in which normal light be- 
comes very bright, normal sounds very loud, 
“and you can smell a perfume two blocks 
away from Bloomingdale’s.” CGRP-binding 
antibodies help turn down the volume in the 
trigeminal nerve, by “mopping up” excess 
peptide or preventing it from binding to and 
activating cells, Dodick proposes. 

But why are migraineurs more sensitive 
to CGRP—or produce too much of it—in 
the first place? Some researchers loop back 
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to CSD, which certain animal studies sug- 
gest can trigger a surge of CGRP, Russo 
says. In that case, genetic predisposition to 
the abnormal brain activity could lead to 
many migraines. 

A growing number of studies point to an- 
other important factor: stress. Even minor in- 
sults, such as missing a few hours’ sleep, can 
often “push the migraine brain over the line 
into having an attack,” Sigal says. And experi- 
ments in rats and cultured cells show that 
corticotropin-releasing hormone, which the 
body releases in response to stress, also in- 
creases neuronal production of CGRP, Russo 
says. Strikingly, many migraine medications 
also boost CGRP in animal models, possibly 
explaining why people who use drugs like 
triptans too frequently end up with more se- 
vere migraines, he says. 

That the relatively large CGRP-blocking 
antibodies can prevent migraines in some 
people have convinced most in the field that 
it is indeed possible to stop the headache 
from outside the central nervous system, 
even though it is clearly a brain disorder, ac- 
cording to Moskowitz. “The evidence is favor- 
ing that [the drugs are] working somewhere 
on the trigeminal connections into the brain, 
not in the brain itself, unless there’s some 
massive change” in the permeability of the 
blood-brain barrier during an attack, he says. 

Some researchers, however, still argue 
that the CGRP-blocking antibodies must be 
getting past the blood-brain barrier into the 
brainstem—even in trace amounts—to be ef- 
fective. Goadsby favors this view, and notes 
that some sections of the brainstem are not 
very well protected by the barrier. 

Whatever the resolution to that debate, 
the discovery of CGRP’s migraine connection 
underscores the value of carefully dissecting 
the neural pathways that lead to pain and 
searching for a linchpin molecule, Moskowitz 
says. If CGRP fulfills its promise as a block- 
buster pain target, that success could signal 
to drug developers that effective treatments 
for other complex and seemingly intractable 
pain disorders, such as fibromyalgia, are also 
within reach, Moskowitz says. Eli Lilly is al- 
ready testing its CGRP-antibody in people 
with cluster headaches, which occur in regu- 
lar, cyclical patterns and can be even more 
painful than migraines. 

As for Sundquist, she’s well aware of the 
clinical trials for the various CGRP-related 
drugs, and she is hopeful. But the random 
assortment of failed remedies that fills her 
closet—antidepressants, nutritional supple- 
ments, a headband that transmits painful 
electric zaps to her scalp and “looks like 
something from Star Trek’—makes her 
wary as well. “I’m just waiting for more 
information, and praying that I will be 
healthy again.” & 
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Ancient grasslands. Mosaics of forests and grasslands—as shown here for the southern Patanal, Brazil—are common in the tropics and subtropics. The grasslands have long been 
interpreted as secondary vegetation produced by deforestation, and many are targets for “reforestation” (1). However, they have a rich endemic ancient biota adapted to frequent fires. 


Ancient grasslands at risk 


Highly biodiverse tropical grasslands are at risk 


from forest-planting efforts 


By William J. Bond?” 


oncerns over deforestation have led 
to attempts to identify suitable areas 
for reforestation around the world (J). 
The most ambitious effort to date is 
the World Resources Institute (WRI) 
Atlas of Forest and Landscape Restora- 
tion Opportunities (7). This map is linked to a 
global plan to reforest degraded lands to off- 
set anthropogenic CO, emissions. The imme- 
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diate target is the reforestation of 1.5 million 
km? by 2020 (2, 3). Vast areas of open grassy 
vegetation have been identified as suitable 
for reforestation. But are all these grasslands 
secondary products of deforestations? Re- 
cent research shows that grasslands are often 
ancient and highly biodiverse, but it remains 
difficult to distinguish between primary and 
secondary grasslands on a large scale. Refor- 
estation efforts thus risk converting ancient 
tropical grasslands to plantations. 
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Research on tropical grassy biomes has 
been remarkably neglected relative to for- 
ests (4, 5). This neglect has been attributed 
to the widespread perception that they are 
human artifacts created and maintained 
by human-lit fires. Yet, there is evidence 
for a much more ancient origin of fire- 
maintained grassy vegetation in regions 
where the climate and soils can support 
closed forests (see the figure). Tropical 
grassy biomes (grasslands and savannas) 
include ecosystems with a rich plant and 
animal life entirely restricted to open habi- 
tats (4, 6). They provide important ecosys- 
tem goods and services to the ~500 million 
people who live in them (5). Furthermore, 
the full consequences for the Earth-atmo- 
sphere system of converting grassy ecosys- 
tems to forests have not been evaluated (7). 
For example, changes in albedo can offset 
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any gains in stored carbon as the reflective 
surface of grasslands, especially in the dry 
season, are converted to the dark absorp- 
tive surfaces of forests. 

A key clue to the antiquity of grasslands 
is the presence of species unique (endemic) 
to open grassy habitats. The cerrado (sa- 
vannas) of Brazil are ranked 12th on a list 
of global biodiversity hot spots with about 
6000 plant species. Once considered poor in 
vertebrate species, cerrado is now proving 
to have a rich, endemic fauna of reptiles (8). 
The grassland biomes of southern Brazil 
and South Africa are also rich in plant spe- 
cies, with an estimated 3000 to 4000 in an 
area of 137,000 km? in southern Brazil and 
3800 in 112,000 km? in South Africa (4, 9). 
The Atlantic coastal plain of North America 
is also species-rich, with some 6000 plant 
species (nearly a third of the North Ameri- 
can flora), of which 29% are endemic (10, 
11). Most of the endemic species occur in 


Fire 


Resprouting 


the grasslands that cover most of the island 
were long thought to be produced by defor- 
estation in the aftershock of human settle- 
ment a few thousand years ago (12). This 
narrative of deforestation as the source of 
grasslands was powerful enough to put off 
researchers from exploring the diversity of 
grasslands. Recent grass collections have 
revealed a remarkably rich grass flora, with 
some 40% of the 580 grass species endemic 
to the island. These levels of endemism 
are among the highest in the world for a 
grass flora (12). Despite clear evidence for 
the antiquity of Madagascar’s grassland 
biota, it remains highly uncertain how 
much of the island’s grasslands is a result 
of deforestation. 

Tropical grassy ecosystems are highly 
flammable. They are most extensive in sea- 
sonal wet/dry climates, where high rainfall 
supports high productivity in the rainy 
season, whereas the long dry season pro- 


burnt savannas in South America and Af- 
rica (14). These plants have massive under- 
ground branches protected from surface 
fires (see the figure). The leaves are borne 
on short stems that resprout from the bur- 
ied branches after fires. Underground trees 
have evolved multiple times from differ- 
ent lineages in South America and Africa 
in open grassy habitats with frequent fires 
and, often, poor soils (13, 15). 

Underground trees (geoxylic suffrutices) 
have close relatives that are true trees. 
Using a dated phylogeny, Maurin et al. 
(15) have shown that most underground 
trees in fire-maintained savannas in Af- 
rica originated between 6 and 2.5 million 
years ago, with peak divergence in the past 
2 million years (15). These times of origin 
are remarkably similar to those obtained 
from phylogenetic studies of fire-adapted 
woody legumes in South American savan- 


Flowering 


nas (13). They are also consistent with fossil 


Persist as short stems between fires 


Underground trees. Many tropical grassland species have large underground storage organs that enable them to survive frequent grass-fueled fires. Some woody species with 


tall tree relatives form “underground trees,” with massive belowground branches supporting short aboveground stems t! 


pine savannas and communities embed- 
ded within them. All these systems depend 
on frequent fires to maintain them and are 
replaced by closed forests where fires are 
suppressed. 

The Atlantic coastal plain grasslands 
of North America have only recently been 
recognized as a significant biodiversity 
hot spot (11). Noss attributes this over- 
sight to misconceptions and myths, such 
as the myth that fires can only be ignited 
by humans. Similar misconceptions are 
widespread throughout the tropics. In 
Madagascar, for example, unique for its re- 
markable endemic forest fauna and flora, 
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duces highly flammable grass fuels. Humid 
tropical grasslands burn several times in 
a decade; some regularly burn twice in a 
year. The grassy biomes of Africa alone ac- 
counted for more than 70% of the world’s 
burnt area from 1997 to 2009. 

Plants living in these highly flammable 
environments survive by retreating un- 
derground, developing large underground 
storage organs (USOs) that resprout rap- 
idly after a burn (6). Nongrassy herbs 
(forbs) with USOs commonly flower in 
the first growing season after a burn be- 
fore they are smothered by grass growth. 
Among woody plants, thick bark, insulated 
buds, clonal spread, and juvenile forms 
with USOs are adaptations to frequent 
grass-fueled fires (13). 

“Underground trees” are a_ peculiar 
growth form characteristic of frequently 
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hat resprout rapidly after a fire. 


evidence for the spread of tropical grassy 
systems from the late Miocene and with 
charcoal records from marine cores that 
show a sharp increase in fire activity over 
the same period (16). 

Thus, fire-dependent tropical grassy 
systems predate human deforestation by 
millions of years. Nevertheless, this is an in- 
triguingly late origin from an Earth history 
perspective. The causes of this late spread 
of savannas are currently an area of intense 
research interest. 

A distinctive feature of the flora of tropi- 
cal grasslands is a marked intolerance of 
shade. Fire-suppression experiments have 
led to the elimination of long-lived forbs 
as a result of shading by an accumula- 
tion of dense undecomposed grass litter. 
Old-growth grassland plants, especially 
long-lived forbs with USOs, are eliminated 


8 JANUARY 2016 * VOL 351 ISSUE 6269 121 


INSIGHTS | PERSPECTIVES 


by forest expansion or afforestation with 
pines and eucalypts. Secondary grasslands, 
formed after deforestation or removal of 
plantations, have completely different spe- 
cies compositions from primary grasslands 
(4, 6). Forbs with USOs and underground 
trees are particularly vulnerable, with no 
recovery to old-growth conditions after de- 
cades of natural succession. 

These studies are revealing striking dif- 
ferences in old-growth versus secondary 
grasslands. However, the scale of analysis 
does not yet permit large-scale identifica- 
tion of old-growth grasslands. It is not yet 
possible to map old-growth grasslands at 
the scale of the WRI Atlas of Forest and 
Landscape’ Restoration Opportunities 
(1-3). The Food and Agriculture Organiza- 
tion (FAO) uses tree cover and height to 
classify forest and ignores the herbaceous 
layer (5). Yet there are profound functional 
differences between open woodlands with 
a highly flammable grassy understorey 
and closed forests that lack fuel to burn. 
Ultimately, old-growth versus _ second- 
ary grasslands will have to be classified 
by identifying characteristics of the her- 
baceous layer, such as grass composition, 
that are visible from satellites and that are 
also proxies for primary grasslands. 

There are many fundamental unanswered 
questions about grassy biomes, their func- 
tion, origins, and antiquity. The recent spate 
of papers on these fascinating systems sug- 
gests that this neglect is coming to an end. 
There has been considerable progress in 
identifying old-growth grasslands and their 
ecological requirements, and this bodes 
well for restoring forests and the services 
they provide while also maintaining ancient 
tropical grassy ecosystems. It would be a 
travesty if ancient grasslands are replaced 
by ill-conceived forest plantation projects 
because of misconceptions about the origins 
of tropical grassy systems. 
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GEOCHEMISTRY 


Lower-mantle materials 


under pressure 


Laboratory measurements provide a window into 


Earth’s mantle dynamics 


By Jiuhua Chen 


odern high-pressure experimen- 
tal techniques have enabled us to 
achieve the pressure and tempera- 
ture at the center of Earth (about 
360 GPa and 6000 K) in laborato- 
ries. However, studies of rheologi- 
cal properties of minerals under controlled 
strain rate (creep experiments) have been 
limited to the pressure equivalent to that 
in Earth’s transition zone, a depth only 
about one-tenth of Earth’s radius. Deter- 
minations of rheological laws that govern 
the flows and viscosities of minerals in 
Earth’s deep mantle have been far beyond 
our reach. In the absence of such critical 
data, the nature of mantle dynamics—such 


“All the evidence leads us to 
a hybrid convection model-— 
a mixture of layered and 

whole-mantle circulations.” 


as whether the convection involves the en- 
tire lower mantle, yielding a chemically 
homogeneous deep mantle—remains con- 
troversial. Discovery of the breakdown of 
ringwoodite into the denser bridgmanite 
and magnesiowiistite phases at 24 GPa (1) 
removed the need for a major chemical dis- 
continuity in Earth inferred from observa- 
tions of a strong seismic reflector at 660 
km depth. On page 144 of this issue, Girard 
et al. (2) report on the detailed rheological 
nature of this bridgmanite plus magnesio- 
wistite mineral aggregate, shedding more 
light on the mantle convection. The inte- 
gration of brilliant synchrotron radiations 
and rotating apposed anvils enables creep 
experiments for large strain at pressures 
equivalent to that in Earth’s lower mantle. 
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Nearly 90% of the lower mantle is oc- 
cupied by the minerals bridgmanite and 
magnesiowiistite. Bridgmanite is believed 
to be the rheologically strongest phase 
at high pressure and high temperature 
among all dominant minerals in the shal- 
lower mantle (3), giving rise to a high vis- 
cosity of the lower mantle relative to the 
upper mantle and the transition zone. In 
their creep experiment on these two min- 
erals directly converted from natural oliv- 
ine, Girard et al. not only recognized that 
bridgmanite is substantially stronger than 
magnesiowiistite and that a large fraction 
of the strain is accommodated by magne- 
siowiistite, but also observed a tendency 
of strain weakening of bridgmanite when 
large strain (>40%) is applied. These obser- 
vations may indicate shear localizations in 
the lower mantle—a result that would have 
an impact on the mantle dynamics. 

If we assume that large enough strains 
occurring in deep mantle convection even- 
tually produce interlinking of the weak 
magnesiowiistite phase in the microstruc- 
ture of the mineral aggregate due to the 
shear localization, then a transition of its 
rheological behavior from a load-bearing 
framework (LBF) phase to an intercon- 
nected weak layers (IWL) phase might be 
expected on the basis of the semitheoreti- 
cal model described by Handy (4). Taking 
2 x 107 Pa-s and 1 x 10” Pa:s as the viscosi- 
ties of bridgmanite and magnesiowiistite, 
respectively, at the top of the lower mantle 
(5), the viscosities of the mineral aggregate 
for the IWL and LBF regions would be 4.5 
x 10" Pa-s and 1.5 x 107! Pa-s, respectively 
(assuming a bridgmanite/magnesiowiistite 
volume ratio of 7:2). This contrast in vis- 
cosity, as a result of shear localization, pro- 
vides us with key information about the 
lower mantle such as long-lived geochemi- 
cal reservoirs and the absence of seismic 
anisotropy in the majority of the lower 
mantle. The result may actually have much 
broader implications for our understand- 
ing of the lower mantle. 

High viscosity of the lower mantle is con- 
sidered to be the major resistance slowing 
down the sinking rate of a subducting slab 
(6). This is true at the early stage of convec- 
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tion, when the lower mantle is in the LBF 
state. Once the downwelling process trig- 
gers shear localization around the sinking 
slab, however, the lower viscosity of the 
IWL zone formed along the slab will pro- 
mote the subduction to a much faster rate. 
The subduction history of the Tethyan re- 
gion (7) reveals free sinking rates of about 3 
cm/year in the upper mantle and 2 cm/year 
in the lower mantle, corresponding to only 
a factor of 5 difference in viscosity. This is 
remarkably consistent with the estimated 
weakening of the shear localization if the 
bulk viscosities of the upper and lower 
mantles differ by two orders of magnitude. 

Whether mantle convection occurs 
through layered circulations (favored by 
geochemical observations) or through a 
whole-mantle circulation (preferred by 
geodynamic modeling) is unclear. Viscos- 
ity profiling derived from oceanic geoid 
and seismic tomography indicates a low- 
viscosity zone at the top of the lower man- 
tle (8). A large amount of strain caused by 
lateral flow at the top of the lower mantle 
may induce such a low-viscosity layer. Joint 
inversion of long-wavelength mantle con- 
vection and postglacial rebound data (9) 
reveals a viscosity contrast of 1.5 orders 
of magnitude between the low-viscosity 
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Upper mantle 
and transition 
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Lower mantle 


layer and the mantle beneath, matching 
that expected from the shear localization. 
Although stratified convections are accept- 
able to geodynamic modeling, the origin 
of the low-viscosity layer on the top of the 
lower mantle is unclear (10). The rheologi- 
cal property of the lower-mantle mineral 
assemblage lays an important foundation 
in terms of mineral physics for such layered 
convection within the lower mantle. In ad- 
dition, a three-dimensional radially aniso- 
tropic model of shear velocity (71) indicates 
that the lower mantle is more anisotropic at 
the top and bottom, signifying flow-induced 
shape or lattice-preferred orientation in 
these regions. Nonetheless, a purely layered 
mantle convection model is insufficient 
for the heat removal from Earth’s interior. 
High-resolution seismic imaging indicates 
that some subduction slabs deflect at the 
base of the transition zone and some reach 
the bottom of the lower mantle. All the 
evidence leads us to a hybrid convection 
model—a mixture of layered and whole- 
mantle circulations (see the figure). 

The work by Girard et al. is a breakthrough 
in high-pressure creep experiment tech- 
nique. The result on the rheological prop- 
erty of bridgmanite and magnesiowiistite 
aggregate offers critical experimental data 


of mineral physics helping us to illustrate 
many observations and models in geodynam- 
ics, geochemistry, and geophysics, although 
the consequential promoted subduction and 
reduced viscosity in the IWL zone along the 
slabs do not seem to support the cessation 
of earthquakes in the lower mantle. Some 
other facts, such as temperature sensitivity of 
strength required for runaway instability in 
the mantle-dominant minerals (72), may have 
to be considered to explain this deep seismic- 
ity phenomenon. & 
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Oceanic plate 


Hybrid mantle convection model. Subducting slabs bring oceanic plates (blue) into the deep mantle. The slabs deflected at the 660-km discontinuity form layered convection 
within upper mantle and transition zone. The slabs penetrating into the lower mantle reaching the core-mantle boundary form whole-mantle convection. Plumes (red) rise from 
the core-mantle boundary, bringing materials that are enriched in incompatible elements relative to the expected mantle average back to the 660-km discontinuity. Some of them 
penetrate through the discontinuity, whereas others are deflected and may produce secondary upper-mantle plumes. Shear localization induces interconnected weak layers (IWL) 
along the slabs or plumes as well as the top and bottom of the lower mantle, yielding a less efficient mixing for the central LBF (load-bearing framework) part of the lower mantle 
(the reason for long-lived geochemical reservoirs). 
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THERMOELECTRICS 


Finding merit in dividing neighbors 


The favorable thermoelectric properties of SnSe are related to its crystal symmetry 


By Kamran Behnia 


large fraction of energy consumed by 

humankind is wasted as heat. Some 

of this energy can be recycled with 

thermoelectric devices that convert 

a thermal gradient into electricity. 

However, their wide adoption will 
require development of materials with high 
thermoelectric figure of merit (ZT) that lack 
rare or harmful elements. On page 141 of this 
issue, Zhao et al. (1) report on p-doped 
tin selenide (SnSe), which helps meet 
these goals. 

Favorable increases in ZT can be 
achieved by modifying a material 
(usually a semiconductor) to increase 
its Seebeck coefficient (a measure of 
the thermopower, or change in volt- 
age induced by temperature) or elec- 
tric conductivity or lower its thermal 
conductivity. However, this combina- 
tion can be difficult to achieve—for 
example, good electrical conductors 
are often good heat conductors—and 
only a handful of materials meet all 
three requirements. Unfortunately, 
two of the most prominent, Bi,Te, 
(the best near room temperature) and 


Atomic radius 


The complexity emerging in the pres- 
ence of only one or two types of atoms has 
intrigued condensed-matter physicists for 
decades (3-5). Why should atoms undergo- 
ing crystallization opt for anything less sym- 
metric than cubic? The rock-salt structure 
can be seen as a network of interpenetrating 
octahedra with an atom at the center of each 
octahedron and its six nearest neighbors at 
the vertices. What drives lower symmetry 
is the problem of placing 10 electrons along 


lonicity 


Rhombohedral 


hybridization leads to orthorhombicity and a 
layered anisotropic structure. 

There are at least two links between this 
structural competition and the remarkable 
ZT in SnSe and PbTe. The first concerns the 
unusually low lattice thermal conductivity. 
Its magnitude at 800 K in both PbTe and 
SnSe implies that the phonon mean-free-path 
becomes as short as the interatomic distance 
(6), the result of strong phonon-phonon scat- 
tering caused by anharmonicity in proximity 
of the structural instability (7). 

The second link is specific to SnSe 
in which ZT is large along one crystal- 
line axis. Charge flows easily along the 
b axis, yet the Seebeck coefficient is as 
large as along the other axes. The an- 
isotropy of conductivity (as in the case 
of black phosphorus) results from the 
layered structure of the orthorhombic 
crystal. However, the Seebeck coeffi- 
cient remains almost isotropic because 
in a simple anisotropic Fermi liquid, 
the Fermi radius and the thermal 
fuzziness of the Fermi surface share 
the same anisotropy, and the Seebeck 
coefficient is set by the ratio of these 
two (6). Indeed, in numerous layered 
conductors, the Seebeck coefficient re- 


PbTe (the best near 800 K), contain 
rare tellurium or toxic lead. 

Last year, this same research group 
identified SnSe as a thermoelectric 
material with a large ZT near 900 K, 
thanks to its remarkably low thermal 


Packing matters. The 
black phosphorus (P) c 


V-VI salts like SnSe and column-V elements like 
ystallize in three different structures, according 


to their size and ionicity. Both distortions of the symmetric cubic rock- 
salt structure favor three out of the six nearest neighbors. Solid black 


lines represent bonds s 
each other. In the ortho 


rengthened by the shift of neighbors toward 
rhombic structure of SnSe, strong bonds are 


mains isotropic. 

The present work of Zhao et al. will 
certainly inspire many other studies. 
Are other anisotropic conductors of 
the family as interesting? How differ- 
ent are the Fermi surface topologies 


conductivity (2). This latest study re- 
ports on p-doping of the SnSe single 
crystals (junctions require both n- 
and p-doped materials) and an increase in 
ZT, which, along one of the crystal axes, ex- 
ceeds unity between 400 and 800 K. Thus, 
SnSe competes with both Bi,T, and PbTe 
over a wide temperature window. 

The newcomer to this arena is a member 
of a family of binary salts that contain ele- 
ments of column IV and column VI of the 
periodic table. The IV-VI family and column 
V elements crystallize in one of the three 
varieties derived from the cubic rock-salt 
structure (see the figure) (3). Like black 
phosphorus, SnSe adopts the orthorhombic 
crystal structure, which imparts its aniso- 
tropic electrical conductivity. 
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absent across layers (compare bonds between upper and middle layers 
of the inset figures), which generates substantial anisotropy (3, 4). 


three perpendicular axes with six equivalent 
neighbors. Rhombohedral and orthorhombic 
distortions divide the six immediate neigh- 
bors in two distinct sets of first neighbors 
and second neighbors . 

Heavier and ionic salts in the bottom-right 
corner of the figure, like PbTe, avoid the dis- 
tortion. Cubic symmetry is preserved in the 
presence of strong spin-orbit interaction 
and large ionicity because the six p and the 
four s orbitals become energetically distinct. 
With only p electrons to consider, it is much 
easier to keep six neighbors along three per- 
pendicular axes. Moreover, ionicity, by dis- 
tinguishing between partner atoms, impedes 
Peierels dimerization in each of the three 
perpendicular chains (5). In short, covalency 
favors rhombohedral distortion, whereas s-p 
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among the family members? Accord- 
ing to band calculations by Zhao et 
al., at a carrier concentration of 4 x 
10” cm“, the Fermi surface of p-doped SnSe 
consists of several anisotropic pockets at low- 
symmetry points of the Brillouin zone. This 
structure remains to be checked by experi- 
mental study of quantum oscillations, as in 
the better-documented case of PbTe (8). @ 
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CELL BIOLOGY 


Disrupted nuclear import- 
export in neurodegeneration 


Toxicity arises from amyloid-like protein accumulation in 


the cytoplasm, not the nucleus 


By Sandrine Da Cruz! 
and Don W. Cleveland? 


he major human neurodegenera- 

tive diseases, including Alzheimer’s, 

amyotrophic lateral sclerosis, Parkin- 

son’s, and Huntington’s diseases, are 

associated with accumulation and 

aggregation of misfolded proteins. In 
most cases, the majority of aberrantly ag- 
gregated proteins are found in the cell cyto- 
plasm. However, in disorders caused by the 
expansion of a trinucleotide repeat, includ- 
ing Huntington’s disease and spinocerebel- 
lar ataxia, the corresponding aggregates of 
proteins containing the encoded polygluta- 
mine expansions are predominantly nuclear. 
Whether differences in intracellular location 
matter for the toxicity generated by such 
proteins has not been determined. On page 
173 of this issue, Woerner et al. (1) report 
that the location does indeed matter, with 
toxicity arising from the cytoplasmic accu- 
mulation of a pair of artificial proteins de- 
signed to mimic the properties of amyloid 
aggregates. Surprisingly, forcing the same 
artificial proteins into the nucleus substan- 
tially reduces their toxicity. 

Woerner e¢ al. established a cell culture 
system in which artificial B-sheet proteins, 
previously shown to form fibrillar amyloid 
aggregates (2), can be targeted to accumu- 
late in the cytoplasm or nucleus by inclu- 
sion of a nuclear export sequence (NES) 
or nuclear localization sequence (NLS), 
respectively (see the figure). With this ap- 
proach, they demonstrate that only the cy- 
toplasmically targeted proteins, but not the 
nuclear counterparts, enhance cell death. 
The authors propose that the reduced tox- 
icity of the nuclear proteins and their ag- 
gregates, despite accumulating in amounts 
comparable to those in the cytoplasm, may 
be the result of the chaperone-like activ- 
ity of a highly abundant nucleolar protein 
called nucleophosmin-1 (NPM1), which 
they show interacts with nuclear but not 
cytoplasmic aggregates. 
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These discoveries add to other emerging 
evidence that compartment-enriched chap- 
erones—which form complexes with mis- 
folded proteins in the cytosol (3) or nucleus 
(4)—may play central roles in ameliorating 
damage, possibly by generating compart- 
ment-specific conformers of aggregated 
proteins with different propensities for cel- 
lular toxicity. Woerner et al. report that nu- 
clear B-sheet-containing proteins produce 
aggregates that have reduced solubility and 
weaker affinity for an amyloid-specific dye 
compared to their cytosolic counterparts, 
underscoring possible differences in ag- 
gregate conformation between the two 
subcellular compartments. Whether any of 
the nuclearly enriched chaperones (4) con- 


Nuclear aggregates 


@\es 


tribute to these possible conformational 
changes or whether they shield the sur- 
faces of the nuclear amyloid-like protein 
aggregates (thereby making them more 
innocuous) has not been established. 

So why is misfolded protein accumula- 
tion and aggregation in the cytoplasm 
toxic? Woerner et al. used a proteomic ap- 
proach to implicate the THOC2 subunit 
of a messenger RNA (mRNA) export com- 
plex that facilitates mRNA delivery to the 
cytoplasm. In primary neurons, THOC2 is 
mislocalized to the cytoplasm in cells with 
cytoplasmic B-sheet aggregates, although 
its interaction with those is unlikely to be 
direct as the aggregates are distinct from 
cytoplasmic redistributed THOC2. Com- 
ponents of the nuclear pore complex and 
nuclear import receptors are misaccumu- 
lated in the cytoplasm, strongly implicat- 
ing diminished nuclear import and export 
in the affected cells. Not yet determined is 
whether nuclear proteins or nuclear pore 
components, and if so which ones, are 
trapped by the cytoplasmic amyloid aggre- 
gates, thus preventing their proper nuclear 
localization and function. 

Using similar assays, Woerner et al. 
show that expression of disease-linked 
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Reduced import, possibly by B-sheet sequestration 
of importins and nuclear pore proteins 


mRNA export complex 
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Normal nuclear import and export 


Nucleus 


Nuclear mRNA export inhibited by 
reduced import of proteins 


Toxicity from inhibited nuclear import and export 


Nucleocytoplasmic transport. An artificial B-sheet protein tagged with a NLS accumulates in the nucleus and 
aggregates there, but is nontoxic; transport through the nuclear pore is unaffected. The same B-sheet protein tagged 
with a NES signal aggregates in the cytoplasm and is toxic; a component of the nuclear export machinery (THOC2) is 
mislocalized and transport through the nuclear pore is disrupted. 
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fragments of polyglutamine-containing 
huntingtin protein or amyotrophic lateral 
sclerosis-causing mutants in the trans- 
activation element (TAR) DNA binding 
protein-43 (known as TDP-43) also in- 
hibit mRNA export when expressed in 
cultured cells, suggesting that errors in 
nucleocytoplasmic transport may be com- 
mon to multiple neurological conditions. 
That said, expression of mutant hunting- 
tin in primary cultures of cortical neurons 
led preferentially to nuclear aggregation, 
which did not impair nuclear mRNA ex- 
port. This is consistent with evidence that 
intranuclear inclusions of polyglutamine- 
containing huntingtin fragments are not 
toxic per se (5). In the widely used R6/2 
Huntington’s disease mouse model in 
which aggregates of a mutant huntingtin 
fragment accumulate intranuclearly in 
most neurons, Woerner et al. report im- 
paired RNA export in the small proportion 
of neurons that accumulate aggregated 
huntingtin in the cytoplasm. These find- 
ings, and the consensus from analyses of 
human samples and most mouse models, 
raise the question of whether the much 
rarer cytoplasmic aggregates are primary 
contributors to toxicity in Huntington’s 
disease, rather than the more abundant 
intranuclear ones. 

The finding by Woerner et al. that cy- 
toplasmic aggregates diminish nuclear 
import and/or export adds to the grow- 
ing recognition that diminished nucleo- 
cytoplasmic transport may be a common 
component of multiple human neurodegen- 
erative diseases, including Huntington’s (6), 
Alzheimer’s, amyotrophic lateral sclerosis, 
frontotemporal dementia, and Parkinson’s, 
where components of the import and/or ex- 
port machinery are mislocalized and found 
to interact with disease-associated mutant 
proteins. Coupled with nuclear “leakiness” 
that dramatically accelerates during aging 
(7), altered cytoplasmic localization offers 
one explanation for the age-dependence of 
these neurodegenerative disorders. 

How nuclear import-export is inhibited 
in the various diseases is still unclear. Re- 
cently, expression of a hexanucleotide ex- 
pansion within the C9orf72 gene, which 
is the most frequently inherited cause of 
both amyotrophic lateral sclerosis and 
frontotemporal dementia, has been re- 
ported to disrupt nuclear import and/or 
export (8-10), but how this defect arises is 
not firmly established. One study identi- 
fied a direct interaction between the hexa- 
nucleotide repeat-containing RNAs and 
Ran GTPase-activating protein (Ran-GAP), 
a factor required for nuclear import (JO). 
Other studies implicated import inhibition 
by repeat associated non-AUG (referred to 
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as RAN)-dependent translation-produced 
polydipeptides encoded by expansion-con- 
taining RNAs (8, 9). 

To this controversy, Woerner et al. dem- 
onstrate that nuclear and/or cytoplasmic 
transport defects can be attributed to a 
proteotoxicity caused by cytoplasmic ac- 
cumulation of B-sheet proteins and their 
aggregates. Additionally, the recent find- 
ing that RAN translation is not restricted 
to diseases with noncoding region repeat 
expansions, but also occurs across repeats 
located in an open reading frame such as 
in Huntington’s disease (JJ), provides a 
new perspective on potential mechanisms 
underlying toxicity in this disorder. A criti- 
cal next step will be to determine whether 
RAN-encoded peptides can directly pro- 
voke nucleocytoplasmic transport defects 
previously reported in Huntington’s disease 
(6), and whether there is compartment- 
selective toxicity, as now demonstrated for 
the B-sheet proteins. 

To the unresolved, key question of how 
cytoplasmic accumulation of aberrant pro- 
teins and/or their aggregation provokes 
diminished nuclear import and/or export, 
it must be noted that the focus in Alzheim- 
er’s disease (12), Huntington’s disease (5, 
13), and most recently in inherited amyo- 
trophic lateral sclerosis (74), has reversed. 
An initial focus was on the large aggregates 
seen with conventional pathology. Most in- 
vestigators have refocused on oligomeric 
assemblies of the misfolded protein as the 
most important contributors to neuronal 
dysfunction that leads to the characteristic 
disease symptoms (15). Seen from this pro- 
spective, location definitely matters, but 
the B-sheet protein aggregates (and other 
aggregates in the various disorders) may 
actually be protective, with toxicity aris- 
ing from oligomeric species that are hard 
to detect. & 
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STEM CELLS 


Potency finds 
its niches 


Adult bone marrow employs 
a surprisingly simple 
hematopoietic hierarchy 


By Nina Cabezas-Wallscheid!? and 
Andreas Trumpp’” 


ematopoietic stem cells (HSCs) lo- 
cated atop the hematopoietic hierar- 
chy are responsible for the lifelong 
production of all mature blood cells. 
These partly dormant, long-term 
self-renewing, multipotent HSCs 
in the bone marrow generate multipotent 
progenitors (MPPs) with reduced self-re- 
newal activity before lineage determina- 
tion and differentiation are initiated (/, 2). 
For decades, it was thought that MPPs lose 
their multipotent capacity in a stepwise 
fashion, generating first a series of oligopo- 
tent and from there unipotent progenitors 


“ ..fetal liver pericytes... 
promote FL-HSC cycling 
without differentiation...” 


to finally make all hematopoietic cell types. 
The presence of oligopotent intermediates 
such as common lymphoid progenitors 
(CLPs) and common myeloid progenitors 
(CMPs) is crucial to this model because 
they define the path from multipotent to 
unipotent cells. A study by Notta et al. on 
page 139 of this issue (3) and another study 
by Paul et al. (4) provide strong evidence 
for the nonexistence of CMPs in human 
and mouse bone marrow. And on page 176 
of this issue, Khan et al. (5) report a niche 
population in the fetal liver that maintains 
proliferating HSCs. 

In the standard textbook model, all my- 
eloid cells (erythroid cells, megakaryocytes, 
granulocytes, and monocytes) are derived 
from oligopotent CMPs. This concept is 
based on the prospective isolation of CMPs 
by flow cytometry and their potential to 
generate all myeloid cell types in vitro and 
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in vivo (6). However, because these analyses 
were performed at the population level, it 
remained possible that CMPs may contain 
several unipotent progenitors rather than 
one oligopotent population. 

Notta et al. identified 11 distinct cell pop- 
ulations in human fetal liver, cord blood, 
and adult bone marrow by fluorescence- 
activated cell sorting using conventional 
and novel markers (cMPL/BAH1 and 
CD71). This analysis revealed substantial 
heterogeneity in MPPs, CMPs, and mega- 
karyocyte-erythroid progenitors (MEPs). 
The authors then used an improved func- 
tional single-cell culture assay to address 
the potential of each population to give 
rise to granulocytes, monocytes, mega- 
karyocytes, and erythroid cells. Evaluation 
of nearly 3000 single cells suggests that 
unipotent progenitors, rather than oligopo- 
tent progenitors such as CMPs, dominate 
the blood hierarchy during bone marrow 
hematopoiesis. By assessing the reconstitu- 
tion potential of the new cell populations 
in mice, Notta et al. found that megakaryo- 
cytes were derived directly from HSCs or 
MPPs, thereby obviating a lineage route 
via oligopotent CMP and MEP intermedi- 
ates. This agrees with mouse data dem- 
onstrating the presence of stem cell-like 
megakaryocyte progenitors within the HSC 
compartment, which rapidly generate new 
platelets in response to stress (7, 8). 

Paul et al. (4) used single-cell transcrip- 
tomic analysis of more than 2700 mouse 
myeloid progenitors. They clustered each 
cell according to its expression of 3461 
genes, revealing 19 progenitor subpopula- 
tions displaying a homogeneous expression 
signature. Using known _ lineage-specific 
gene networks, the authors found that each 
of the identified myeloid progenitor sub- 
populations was transcriptionally primed 
toward one of at least seven myeloid fates. 
For example, isolation of classically defined 
MEPs led to a homogeneous erythrocyte 
progenitor spectrum with no significant 
megakaryocyte expression signature. This 
agrees with the idea that these are instead 
derived from HSCs or MPPs (3). Single-cell 
transcriptome analysis failed to detect cells 
such as CMPs that express multiple lineage- 
specific genes or transcription factors that 
promote different fates (3, 4), in line with 
recent studies (9, 10). 

The findings of Notta et al. and Paul et al. 
suggest that either CMPs represent a highly 
transient cell state, or that such oligopo- 
tent cells do not exist, at least in mouse or 
human bone marrow. Instead, Notta et al. 
suggest a simpler two-tier model for the 
human bone marrow: a top tier containing 
multipotent cells such as HSCs or MPPs, 
and a bottom tier composed of committed 
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unipotent progenitors. However, the pro- 
genitors identified during homeostasis ap- 
pear to give rise to only one lineage on the 
basis of their expression signature, whereas 
transplanted megakaryocyte-erythroid pro- 
genitors reconstituted megakaryocytes and 
erythroid cells in mice (4). Thus, the poten- 
tial of stem cells or their progenitors may 
be much broader in a stressed environment 
compared to what they actually do in the 
unperturbed system. 

Whether an adult HSC remains dormant, 
self-renews, or differentiates toward a spe- 
cific lineage is regulated in conjunction 
with its microenvironment (niche). Several 


distinct niches exist in the adult bone mar- 


Fetal liver (mouse embryonic day 14) 


Portal vessels 


Pericyte 


T HSC and pericyte proliferation 


From one niche to another. HSCs and niche pericytes joint 


(Nestin, NG2) 


portance of Nestin-expressing pericytes for 
maintaining proliferative FL-HSCs, similar 
cells located in the bone marrow maintain 
HSC quiescence (71). To uncover this differ- 
ence, Khan et al. performed comparative 
transcriptome analysis, revealing no differ- 
ential expression of stem cell-maintaining 
signaling molecules. Instead, there was en- 
richment for cell cycle processes and vessel 
development in fetal liver pericytes, which 
suggests that niche and FL-HSC expansion 
are linked. 

Why do FL-HSCs leave this environment 
in the liver around the moment of birth? 
Khan et al. show in mice that ligation of the 
umbilical inlet at birth causes drastic he- 


Adult bone marrow 


“ 
\ 
\ 
\ 


HSC niche, 


Quiescent HSC 


| HSC and pericyte proliferation 


ly expand in the fetal liver. At birth, the fetal liver niche 


collapses. HSCs then move to the bone marrow, where niche pericytes and HSCs become quiescent. 


row, including cell types such as arteriolar 
pericytes [expressing Nestin and neural/ 
glial antigen 2 (NG2)], leptin receptor- 
expressing pericytes, and megakaryocytes 
(11, 12). During hematopoiesis, HSCs in 
the fetal liver (FL-HSCs) are highly prolif- 
erative, and in contrast to the ones in the 
bone marrow, lineage differentiation arises 
from them via oligopotent progenitors (4). 
However, the niche cells that promote FL- 
HSC expansion during embryonic and fetal 
growth were unknown. 

Khan e¢ al. report that murine portal ves- 
sels in the fetal liver also contain Nestin- and 
NG2-expressing pericytes (see the figure). 
These cells sustain the highly proliferative 
FL-HSCs (5). The authors found that FL- 
HSCs are located in close proximity to the 
pericytes and that these niche cells, rather 
than other fetal liver components, are suf- 
ficient to maintain FL-HSCs in vitro. Khan et 
al. also show that deletion of NG2-express- 
ing cells (98% of which are Nestin-express- 
ing pericytes) in mice reduces the numbers 
and proliferative status of FL-HSCs. 

Although Khan e¢ al. demonstrate the im- 
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modynamic changes in portal vessel blood 
flow, leading to loss of Nestin-expressing 
pericytes and consequent disruption of the 
portal vessel stem cell niche. Consequently, 
hematopoiesis is driven from the liver into 
adult bone marrow niches, which subse- 
quently promote a dormant HSC state in 
the adult organism (7). The potential of fetal 
liver pericytes to promote FL-HSC cycling 
without differentiation may be used to de- 
velop complex niches in the culture dish for 
clinical applications, such as the expansion 
of HSCs derived from cord blood. & 
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INSIGHTS | PERSPECTIVES 


DEVELOPMENT AND ENVIRONMENT 


Balancing hydropower and biodiversity 
in the Amazon, Congo, and Mekong 


Basin-scale planning is needed to minimize impacts in mega-diverse rivers 


By K. O. Winemiller,* P. B. McIntyre, L. Castello, E. Fluet-Chouinard, T. Giarrizzo, 

S. Nam, I. G. Baird, W. Darwall, N. K. Lujan, I. Harrison, M. L. J. Stiassny, R. A. M. Silvano, 
D. B. Fitzgerald, F. M. Pelicice, A. A. Agostinho, L. C. Gomes, J. S. Albert, E. Baran, 

M. Petrere Jr., C. Zarfl, M. Mulligan, J. P. Sullivan, C. C. Arantes, L. M. Sousa, A. A. Koning, 
D. J. Hoeinghaus, M. Sabaj, J. G. Lundberg, J. Armbruster, M. L. Thieme, P. Petry, 

J. Zuanon, G. Torrente Vilara, J. Snoeks, C. Ou, W. Rainboth, C. S. Pavanelli, A. Akama, 


A. van Soesbergen, L. Saenz 


he world’s most biodiverse river 

basins—the Amazon, Congo, and 

Mekong—are experiencing an un- 

precedented boom in construction 

of hydropower dams. These projects 

address important energy needs, but 
advocates often overestimate economic ben- 
efits and underestimate far-reaching effects 
on biodiversity and critically important fish- 
eries. Powerful new analytical tools and high- 
resolution environmental data 
can clarify trade-offs between 
engineering and environmental 
goals and can enable governments and fund- 
ing institutions to compare alternative sites 
for dam building. Current site-specific as- 
sessment protocols largely ignore cumula- 
tive impacts on hydrology and ecosystem 
services as ever more dams are constructed 
within a watershed (J). To achieve true sus- 
tainability, assessments of new projects must 
go beyond local impacts by accounting for 
synergies with existing dams, as well as land 
cover changes and likely climatic shifts (2, 3). 
We call for more sophisticated and holistic 
hydropower planning, including validation 
of technologies intended to mitigate envi- 
ronmental impacts. Should anything less be 
required when tampering with the world’s 
great river ecosystems? 


POLICY 


ONE-THIRD OF FRESHWATER FISH AT 
RISK. The Amazon, Congo, and Mekong 
basins hold roughly one-third of the world’s 
freshwater fish species, most of which are 
not found elsewhere. Each of these rivers 
has experienced limited hydropower devel- 
opment to date, largely because their vast 
catchments had limited infrastructure and 
low energy demand. Most existing dams are 
relatively small and located in upland tribu- 
taries, but more than 450 additional dams 
are planned for these three rivers alone (see 
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the chart), with many already under con- 
struction (4). Dams are usually built where 
rapids and waterfalls boost hydropower po- 
tential. Unfortunately, these high-gradient 
reaches are home to many unique fishes 
adapted for life in fast water (fig. S1). 
Although available data on geographic 
distributions of tropical fishes and other 
aquatic taxa are incomplete, recent re- 
search within these great river basins 
makes it clear that dam site selection mat- 
ters greatly for conserving biodiversity (5) 
(see the chart). Given recent escalation of 
hydropower development in the tropics 
(4), planning is needed at the basin scale to 


“[D]am site selection 
matters greatly for 
conserving biodiversity.” 


minimize biodiversity loss, as well as other 
environmental, social, and economic effects 
(3, 6-9). Large dams invariably reduce fish 
diversity but also block movements that 
connect populations and enable migratory 
species to complete their life cycles. This 
may be particularly devastating to tropi- 
cal river fisheries, where many high-value 
species migrate hundreds of kilometers in 
response to seasonal flood pulses (8-12). 
Model simulations of proposed dams in the 
lower Mekong Basin predict major reduc- 
tions of migratory stocks (8), as has been 
widely observed globally (17). Fish passages 
constructed to mitigate dam impacts on mi- 
gratory fishes in the neotropics have proven 
unsuccessful (JO) and even harmful (72). 
Yet, dam proposals continue to tout fish 
passages as the principal means for mini- 
mizing impacts on migratory stocks. 

Large dams delay and attenuate seasonal 
flood pulses, reducing fish access to flood- 
plain habitats that are essential nursery 
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areas and feeding grounds. Physical altera- 
tions bring about an ecological regime shift, 
whereby a dynamic system with high struc- 
tural and functional complexity becomes 
relatively homogeneous and less productive. 
Tropical reservoir fisheries are often domi- 
nated by low-value species plus a few nonin- 
digenous species introduced for recreational 
angling or aquaculture (13). Ecological effects 
of large dams are not limited to rivers; trap- 
ping sediment alters nutrient dynamics and 
other biogeochemical processes in deltas, es- 
tuaries, and marine-shelf ecosystems, which 
in turn impact agriculture, fisheries, and hu- 
man settlements (14). 

A lack of transparency during dam ap- 
proval processes has raised questions about 
whether funders and the public are fully 
informed about risks and long-term im- 
pacts on tropical river systems that support 
livelihoods of millions of people (3). Some 
tropical developing countries lack protocols 
guiding construction of hydroelectric dams, 
and many countries exempt small dams (<10 
MW) from any formal decision-making pro- 
cess. Even when environmental impact as- 
sessments are mandated, millions of dollars 
may be spent on studies that have no actual 
influence on design parameters, sometimes 
because they are completed after construc- 
tion is under way. 

Planners have generally failed to assess the 
true benefits and costs of large hydropower 
projects. Returns have usually fallen short 
of expectations even without adjustment for 
risk, and an estimated 75% of large dams suf- 
fered cost overruns that averaged 96% above 
the figures used to justify their creation (15). 
Economic projections frequently exclude or 
underestimate the costs of environmental 
mitigation, as in the case of the ~$26 billion 
spent by China to moderate ecological im- 
pacts of the Three Gorges Dam (J6). 

Hydropower accounts for more than 
two-thirds of Brazil’s energy supply, and 
at least 334 new Amazon dams have been 
proposed (4). Impacts of these dams would 
extend well beyond direct effects on riv- 
ers to include forced relocation of human 
populations and expanding deforestation 
associated with new roads (4). Scheduled 
for completion in 2016, Brazil’s Belo Monte 
hydropower complex was designed with in- 
stalled capacity of 11,233 MW, ranking it the 
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Fish diversity and dam locations in the Amazon, Congo, and Mekong basins. |n addition to basin-wide biodiversity summaries (upper left in first two panels, middle in third 
panel), each basin can be divided into ecoregions (white boundaries). Many species are found only in a single ecoregion (black numbers), and subbasins within each river basin 
differ widely in their total species richness (shades of green illustrate breakpoints between quartiles in rank order within each basin). Dozens of new taxa are discovered every 


year in each basin; hence, actual fish diversity is underestimated, and distribution data are lacking for many species. No 


basin-scale impact assessments. See SM for data and methods. 


world’s third largest. Actual power genera- 
tion, however, is expected to be much lower. 
Belo Monte may set a record for biodiversity 
loss owing to selection of a site with excep- 
tional species endemism (5). 

The Congo has far fewer dams than the 
Amazon or Mekong (see the chart), yet most 
power generated within the basin is from 
hydropower. Inga Falls, a 14.5-km stretch of 
the lower Congo that drops 96 m to near 
sea level, has greater hydropower potential 
than anywhere else (6). The Inga I and II 
dams, constructed in the 1970s and 1980s, 
currently yield 40% of the 2132-MW in- 
stalled capacity (6). Planned additional 
dams (Inga III and Grand Inga) would har- 
ness as much as 83% of the Congo’s annual 
discharge, with most of the energy to be ex- 
ported (6). Grand Inga would divert water 
and substantially reduce flow for at least 
20 km downstream from the falls. 

Six large dams have been built on the up- 
per Mekong since the mid-1990s, and there 
are plans for at least 11 more on the middle 
and lower reaches. Rural communities in the 
lower basin rely on harvesting wild fish spe- 
cies whose longitudinal migrations would be 
profoundly disrupted by dams on the main- 
stem or even major tributaries (7-9). For in- 
stance, damming the Mun River in Thailand 
has had a wide range of detrimental social 
and economic impacts (7). Maintaining re- 
gional food security in the face of projected 
fishery losses arising from 88 new dams 
planned for the basin by 2030 would require 
a 19 to 63% expansion of agricultural land (9). 


SCIENCE sciencemag.org 


RECOMMENDATIONS. Long-term ripple ef- 
fects on ecosystem services and biodiversity 
are rarely weighed appropriately during dam 
planning in the tropics. We are skeptical that 
rural communities in the Amazon, Congo, 
and Mekong basins will experience benefits 
of energy supply and job creation that exceed 
costs of lost fisheries, agriculture, and prop- 
erty. An improved approach to dam evalua- 
tion and siting is imperative. 

Integrative, strategic planning must be 
applied at the basin scale, with the goal of 
finding balance between tapping hydro- 
power potential and sustaining key natural 
resources. Spatial data on biodiversity and 
ecosystem services are increasingly available 
to support sophisticated trade-off analyses 
[see supplementary material (SM)]. New an- 
alytical methods can account for cumulative 
impacts from multiple dams to hydrology, 
sediment dynamics, ecosystem productivity, 
biodiversity, fisheries, and rural livelihoods 
throughout watersheds (J, 17-19). Incorpo- 
rating these data and tools into assessment 
protocols would boost the credibility of dam 
siting to stakeholders. 

Institutions that permit and finance hy- 
dropower development should require basin- 
scale analyses that account for cumulative 
impacts and climate change. Proposed dam 
sites must be evaluated within the context of 
sustaining a portfolio of ecosystem services 
and biodiversity conservation, and alterna- 
tive sites should be considered explicitly. Such 
common-sense adjustments to assessment 
procedures would ensure that societal ob- 
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netheless, fish diversity data are now sufficient to support 


jectives for energy production are met while 
avoiding the most environmentally damag- 
ing projects. Without more careful planning, 
species extinctions and basin-wide declines 
in fisheries and other ecosystem services are 
certain to accompany new hydropower in the 
world’s mega-diverse tropical rivers. & 
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The supercollider that wasn't 


An ambitious history of the SSC falls short on lessons 
for future megascience projects 


By Jeffrey Mervis 


hen a multibillion-dollar phys- 

ics experiment is canceled, it’s 

tempting to look for lessons that 

can be applied to future megasci- 

ence projects. A new book on the 

rise and fall of the Superconduct- 
ing Supercollider (SSC) by a trio of science 
historians takes on that challenge. And while 
the authors do an excellent job of describing 
what occurred in the decade from its incep- 
tion to its demise in 1993, they stumble when 
trying to assign blame. 

Tunnel Visions presents a wealth of infor- 
mation on the internal conflicts that plagued 
the planning and construction of the SSC, 
a 40-TeV proton-proton collider that was 
to be built in a 70-km oval tunnel running 
under Waxahachie, Texas. There are loads of 
juicy stories for SSC aficionadas about the 
bad blood between the physicists and the 
engineers and between the lab managers 
and their overseers at the U.S. Department 
of Energy (DOE). The collider also triggered 
bitter internecine fights within the scientific 
community over its value and potential nega- 
tive effect on prospects for other fields. 

Equally at home in the laboratory and the 
halls of Congress, the authors trace the up- 
hill—and ultimately successful—battle waged 
by a small group of legislators to pull the 
plug on the project’s funding. The retelling of 
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Tunnel Visions 

The Rise and Fall of the 
Superconducting Super 
Collider 

Michael Riordan, Lillian 
Hoddeson, Adrienne W. Kolb 
University of Chicago Press, 
2015. 462 pp. 


these events highlights the SSC’s remarkably 
brief time in the national spotlight: Its death 
in October 1993 came less than 7 years after 
then-President Ronald Reagan endorsed the 
project by telling his domestic policy advisers 
to “throw deep” and only 11 years from the 
time physicists began talking about building 
a “desertron.” 

Clearly a labor of love, the book itself was 
three decades in the making. It draws upon 
extensive archival material and interviews 
with more than 100 people who played roles, 
large and small, in the SSC saga. And while 
some of their stories have already appeared 
in other accounts, putting them all together 
creates as complete a picture of what hap- 
pened as we're ever likely to get. 

The problem is attaching meaning to that 
narrative. The SSC is hardly the first planned 
science facility to be abandoned—DOE'’s ini- 
tial $18 million investment in the SSC, ironi- 
cally, came from money originally budgeted 
for the next iteration of Brookhaven’s Isabelle 
accelerator, which also was never built. And 
the saga unfolded in a time and place that 
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Smaller research projects would have been more 
defensible during the economic contraction of the 
1990s, argue the authors. 


seems quite distant from the present—an era 
in which the hope for lasting world peace af- 
ter the end of the Cold War combined with 
fears of an economically dominant Japan, to 
name just two features. So sifting through 
key strategic decisions in hopes of charting a 
path forward is a very risky business. 

The book examines several “if-only” sce- 
narios that, it argues, might have saved the 
collider, of which four stand out: If Cornell 
physicist Maury Tigner, architect of the 
original design, had been named lab direc- 
tor; if Fermilab in Illinois had been chosen 
as the site; if Japan had agreed to invest up 
to $1.5 billion in the project; and if George 
H. W. Bush had been reelected in 1992. Al- 
though it’s hard to refute alternative his- 
tory, there’s little evidence that any or all 
of those developments would have turned 
the tide. 

Equally dubious are some of the pur- 
ported lessons to be learned—among them, 
that big science requires global coopera- 
tion, that the U.S. government favors ap- 
plied over fundamental research, and that 
science is the first thing to go when Con- 
gress trims federal budgets. International 
partnerships certainly can ease the finan- 
cial pain on individual countries. However, 
the troubled International Thermonuclear 
Experimental Reactor (ITER) currently be- 
ing built in France demonstrates that global 
cooperation is hardly a guarantee of suc- 
cess. And NASA’s James Webb Space Tele- 
scope—with no obvious application beyond 
understanding the cosmos—seems likely to 
be completed despite a price tag that’s com- 
parable to the SSC’s. 

In addition, generalizations about congres- 
sional attitudes toward “science” writ large 
are rarely accurate. Only a few years after the 
SSC was defunded, for example, Congress be- 
gan a 5-year doubling of NIH’s budget that 
added tens of billions of dollars to the US. 
research enterprise. 

So what can be learned from the SSC’s de- 
mise? Very little, it seems. The U.S. govern- 
ment wrote off its $2.5 billion investment in 
a project whose estimated cost had grown 
from $4.3 billion to north of $10 billion. 

Those who wish to keep the SSC in their 
hearts have a very affordable option, how- 
ever. In 2004, Herman Wouk, author of The 
Caine Mutiny, made the SSC the setting— 
and centerpiece—for a serious novel about 
science and global politics. The book, A Hole 
in Texas, was not a commercial hit, but you 
can buy it on Amazon for a penny. 


10.1126/science.aad9865 
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HISTORY OF SCIENCE 


Origin stories 


Looking back at our ever- 
evolving understanding of 
what it means to be alive 


By James Strick 


Brief History of Creation, like many 
popular books on ideas about the 
origin of life, approaches the topic 
with a broad sweep: digging into 
ancient myths, the pre-Socratics, 
Aristotle, and up through mod- 
ern NASA-funded research. Few previous 
works, however, have done justice to the 
factual historical details. Many recycle old 
versions of Francesco Redi and 
his experiments on maggots, 
or Louis Pasteur and his swan- 
necked flasks, unaware that 
they are repeating inaccuracies 
historians have set straight. 

The book under review, A 
Brief History, while clearly 
written for a popular audi- 
ence, does what Stephen Jay 
Gould was so good at: taking 
a lot of new information from 
the professional history of sci- 
ence literature and rendering 
it accessible to a wide popu- 
lar audience. For this reason, 
although the authors take the 
kind of yarn-spinning liber- 
ties Paul de Kruif did in his 
famous Microbe Hunters, their 
book is nonetheless far more 
accurate and up-to-date than 
any previous work targeted to 
the general public. It may thus 
do yeoman’s service in gen- 
eral public science education, 
as well as making the public 
aware of the utility of the his- 
tory of science. 

In one of the book’s early 
chapters, the authors set out 
to place Francesco Redi, the 17th-century 
Italian physician who was the first to 
refute the idea of the spontaneous gen- 
eration of living organisms, in historical 
context. Redi is described as an Early Mod- 
ern courtier in the service of the Grand 
Duke of Tuscany. Rather than presenting 
his work as a set of controlled, scholarly 
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studies, as typically comes across in biol- 
ogy textbooks, Mesler and Cleaves show 
how these experiments were conducted as 
a form of court entertainment and a dis- 
play of the Grand Duke’s support for natu- 
ral philosophy. 

Similarly, Buffon and Needham’s 18th- 
century experiments, which are normally 
mentioned in passing as flawed attempts to 
demonstrate spontaneous generation, are 
presented with great nuance in this book. 
Their methods, although imperfect, were 
conducted using high-quality single-lens 
microscopes, and their analysis insight- 
fully stretched the envelope of biological 
thought in ways Darwin would later find 
worth his study. In addition, their debates 
with the Italian scientist Lazzaro Spallan- 
zani, who ultimately disproved their work, 
are clearly shown to be as much about how 
such work threatened religious and philo- 


Louis Pasteur, a chemist by training, had tackled few biological questions prior to 
taking on the theory of spontaneous generation. 


sophical understandings of the origin of life 
as they were about experimental evidence. 

As with Gould, some historians may take 
exception to the lack of primary sources 
and academic citation style (only verbatim 
quotes are cited fully). Further, when the 
authors cite anecdotes from recent scien- 
tists’ research—for instance, Cleaves’s grad- 
uate adviser, the chemist Stanley Miller, in 
chapter 9—they treat this material as an un- 
problematic source. Particularly if they are 
recalled or told many years after the fact, 
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A Brief History of Creation 
Science and the Search for 
the Origin of Life 

Bill Mesler and 

H. James Cleaves IT 
Norton, 2015. 332 pp. 


anecdotes (such as Darwin’s in his Autobi- 
ography) are often reshaped in the telling 
over the years. Unless they can be corrobo- 
rated by period correspondence or other 
primary source records from when events 
were unfolding, anecdotes must be treated 
with considerable skepticism. 

Occasionally, important items get over- 
looked. For example, while discussing 
historian Loren Graham’s studies of So- 
viet biochemist Alexander Oparin, whose 
book on the origin of life was regarded as a 
seminal work on the subject for 
much of the 20th century, the 
authors repeat Graham’s story 
about how Oparin supported 
Soviet biologist and agronomist 
T. D. Lysenko, whose rejection 
of Mendelian genetics had a 
destructive influence on Soviet 
biology. However, they fail to re- 
mark on Graham’s more impor- 
tant finding: that the Marxist 
philosophy of science, dialec- 
tical materialism, did provide 
Oparin with some useful sci- 
entific insights into the origin- 
of-life problem—insights that 
had practical consequences in 
Oparin’s experiments. Because 
many Western scholars resisted 
this new finding at the height 
of the Cold War, its importance 
deserves to be emphasized. 

Regrettably, a few factual er- 
rors did slip into this book. In 
chapter 10, for example, the 
authors mistakenly claim that 
Avery, MacLeod, and McCarty’s 
1944 landmark study that ush- 
ered in the era of modern DNA 
research was performed in vi- 
ruses. This paragraph seems to 
conflate the famous 1944 Avery et al. paper 
with the later work of Alfred Hershey and 
Martha Chase. 

However, these are relatively minor criti- 
cisms compared to the service the book will 
perform. If in many ways this book aims to 
be a modern version of Microbe Hunters, 
it is to be hoped that it will do as much to 
excite the public about science as did that 
venerable earlier work. 


10.1126/science.aad4347 
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Call for conservation: 
Abandoned pasture 


THE STATISTICS DIVISION of the Food and 
Agriculture Organization (FAO) has recently 
released its national land distribution data 
for the year 2013 (1), which is currently the 
only annual cross-country time series on 
agricultural land use. According to these 
data, over the past 15 years, total global 
pasture area has declined by 62 million 
hectares (-2%), the first significant decrease 
on record. In the 65 countries where pasture 
has shrunk, only 15 have shown an increase 
in total agricultural land, and across all 65, 
total agricultural area declined by 109 mil- 
lion hectares. This implies that pasture land 
is not being used for different agricultural 
purposes, and instead suggests that an area 
approximately the size of South Africa may 
have recently been abandoned. All of this is 
despite a production increase from rumi- 
nants (meat, milk, hides, and wool) of 35% 
over the same period (1). 

Where pasture has declined, most reduc- 
tions have been annually persistent; a 
one-off methodology change is an unlikely 
explanation. Rather, these striking data 
could be due to a range of factors making 
grazing more intensive and less mobile, 
coupled with changing economic and 
environmental conditions. For example, in 
Australia, which represents a large part of 
the decline, 25 years of low wool prices (7) 
have affected stock numbers, and deserti- 
fication and woody encroachment have 
reduced productive pasture area (2). In Iran, 
Mongolia, Turkmenistan, and Uzbekistan 
(also countries of substantial decline), land 
and livestock privatization, urbanization, 
and changing management practices have 
spatially concentrated production (3), reduc- 
ing total land use. 

If the data are accurate, we may be able 
to benefit from a sizeable land-sparing 
conservation opportunity (4) and restore 
vast areas of natural habitat through 
reforestation or reestablishment of natural 
grasslands. In doing so, we will confront a 
number of questions: Will the land become 
wild again naturally, meaning no action 
is required? Is it most productive to build 
relationships with landowners to facili- 
tate conservation goals? Given that land 
values are likely low, is this a chance for 
opportunistic and targeted land acquisi- 
tions that could serve as foundations for 
new protected areas? Whatever the case, 
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Evidence indicates that the Antarctic Pagothenia borchgrevinki can adapt to a range of temperatures. 


conservationists need to move quickly, as 
other actors are already laying out their 
ambitions for using pasture (5). 

Joseph A. C. Poore'* 
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Recognizing thermal 
plasticity in fish 


IN THEIR REVIEW “Climate change and 
marine vertebrates” (13 November 2015, p. 
772), W. J. Sydeman et al. acknowledge 
but understate the significance of pheno- 
typic plasticity in modulating population 
responses to climate change and in 
mitigating the direct effects of increasing 
temperature. Indeed, a meta-analysis of 
thermal phenotypic plasticity found that 
some species of fish possess a substantial 
capacity to compensate for increases in 
temperature, potentially making them more 
resilient to global warming (J). Thus, prog- 
nostications for the future of certain fish 
species may not be as dire. 

For example, stenothermal polar fishes 
such as the Antarctic Pagothenia borch- 
grevinki can thermally compensate, 
producing a new phenotype that func- 
tions well at 4°C (2, 3), much warmer than 
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their usual -1.8°C. Similarly, the Arctic cod 
(Boreogadus saida), a key prey species in 
the Arctic food web (J) that spends most of 
the year under ice, grows better at 5°C and 
9°C than at 0°C (4) and maintains a rhyth- 
mic heartbeat up to 10°C (5). Native Pacific 
northwest rainbow trout (Oncorhynchus 
mykiss) have been introduced in every 
continent except Antarctica, have been 
selectively bred to physiologically tolerate 
temperature extremes in Western Australia 
(6), and have a subspecies (redband trout, 
O. mykiss gairdnerii) naturally adapted to 
the thermal extremes of a desert environ- 
ment (7). Populations of northwest Pacific 
adult sockeye salmon (O. nerka) show a 
range of thermal reaction norms (8, 9). That 
said, not all sockeye populations would 
flourish in warmer temperatures; one popu- 
lation’s once-in-a-lifetime river migration 
has already been largely prevented by an 
unusually warm temperature event (10). 
Reducing model uncertainty is an urgent 
matter (71), but it will require a better 
understanding of phenotypic plasticity and 
genotypic diversity within a species, as well 
as the key mechanistic features that enable 
certain individuals to perform better at 
warmer temperatures and be subjected to 
natural selection. 
Anthony P. Farrell’* and 
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1Department of Zoology, University of British 
Columbia, Vancouver, BC V6T1Z4, Canada. *School of 


Biological Sciences, The University of Queensland, 
St. Lucia, QLD 4072, Australia. 


*Corresponding author. E-mail: farrellt@mail.ubc.ca 


REFERENCES 
1. F.Seebacher, C.R.White, C.E. Franklin, Nat. Clim. Change 5, 
61(2015). 
2. C.E.Franklin, W. Davison, F. Seebacher, J. Exp. Biol.210, 3068 
(2007). 


sciencemag.org SCIENCE 


PHOTO: © NORBERT WU/SCIENCE FACTION/CORBIS 


3. C.E. Franklin, F. Seebacher, Science 323, 876 (2009). 

4. B.J.Laurel,M. Spencer, P. Iseri, L.A. Copeman, Polar Biol. 
10.1007/s00300-015-1761-5 (2015). 

5. H.E.Drost,£.C.Carmack, A. P. Farrell, J. Fish Biol.84, 1781 

(2014). 

K.J.Rodnicketal.,J. Fish Biol.64, 310 (2004). 

Z.Chenetal.,J. Exp. Biol. 218, 803 (2015). 

H.O. Portner, A. P. Farrell, Science 322, 690 (2008). 

E. J. Eliason etal., Science 332,109 (2011). 

A.P. Farrell et al., Physiol. Biochem. Zool. 81, 697 (2008). 

H.M. Pereira et al., Science 330, 1496 (2010); published 

online 26 October 2010. 


POW MND 


pe 


HIV/AIDS epidemic: 
The whole truth 


THE NEWS FEATURE “What does a disease 
deserve?” (J. Kaiser, 20 November 2015, 

p. 900) asserts that “AIDS death rates 
began dropping dramatically” about 2 
decades ago. This is only part of the truth. 
According to the Centers for Disease 
Control and Prevention (CDC) (J), the 
number of people living with HIV has 
been rapidly increasing. The number 

of new infections has been steady in 

the United States (~45,000 annually) 

for at least 20 years, and the afflicted 
populations are underpowered and 
marginalized. For a country with our 


resources, this is a national disgrace. 
The leadership of the CDC has made a 
similar case (2). 

Many of us seem to have forgotten 
that—in contrast to many noncommu- 
nicable diseases—HIV is an infectious 
disease that can be controlled by reduc- 
ing transmission. So what’s needed? Even 
absent an AIDS vaccine, we have the tools 
needed to reduce transmission and control 
this epidemic. To do so, the Office of AIDS 
Research and the National Institutes of 
Health must make a major investment in 
implementation science (with the partici- 
pation of social, political, and economics 
experts) and coordinate these initiatives 
with the CDC. This is no time to turn 
our back on the research required to 
end the epidemic of HIV/AIDS in the 
United States. 

Neal Nathanson 
Emeritus Professor, Department of Microbiology, 
University of Pennsylvania, Philadelphia, PA 19104, 
USA. E-mail: nathansn@upenn.edu 
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SOLAR CELLS 
Perovskites for tandem 
solar cells 


Improving the performance of 
conventional single-crystalline 
silicon solar cells will help 
increase their adoption. The 
absorption of bluer light by an 
inexpensive overlying solar 
cell in a tandem arrangement 
would provide a step in the right 
direction by improving overall 
efficiency. Inorganic-organic 
perovskite cells can be tuned to 
have an appropriate band gap, 
but these compositions are prone 
to decomposition. McMeekin et 
al. show that using cesium ions 
along with formamidinium cat- 
ions in lead bromide-—iodide cells 
improved thermal and photosta- 
bility. These improvements lead 
to high efficiency in single and 
tandem cells. — PDS 

Science, this issue p. 151 


134 


STEM CELL NICHE 
How HSCs populate 
the fetal liver 


Hematopoietic stem cells 
(HSCs) undergo dramatic 
expansion in the fetal liver 
before migrating to their defin- 
itive site in the bone marrow. 
Khan et al. identify portal ves- 
sel-associated Nestin*NG2* 
pericytes as critical HSC 
niche components (see the 
Perspective by Cabezas- 
Wallscheid and Trumpp). 

The portal vessel niche and 
HSCs expand according to 
fractal geometries, suggest- 
ing that niche cells—rather 
than factors expressed by the 
niche—drive HSC prolifera- 
tion. After birth, arterial portal 
vessels transform into portal 
veins, and lose Nestin*NG2* 
pericytes. When this happens, 
the niche is lost and HSCs 
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of the “Iceman” hold 
clues to deciphering the 
mummy’s microbiome 


migrate away from the neonatal 
liver. — BAP 


Science, this issue p. 176; 
see also p.126 


PALEOCLIMATE 
The difference is all in 
the water 


Glacial cycles are in part con- 
trolled by the pattern of incident 
solar energy determined by the 
geometry of Earth's orbit around 
the Sun. The classic record of 
the penultimate deglaciation 
from Devils Hole, Nevada, did 
not reconcile the presumption of 
so-called orbital forcing, however, 
suggesting that deglaciation 
began ~10,000 years too early. 
Moseley et al. present analyses 
of anew set of data from Devils 
Hole that show that the deglacia- 
tion indeed occurred at the time 
expected on the basis of orbital 
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ANCIENT MICROBIOME 


Stomach ache for a 
European mummy 


ive thousand years ago in the 

European Alps, aman was shot by 

an arrow, then clubbed to death. His 

body was subsequently mummified 

by ice until glacier retreat exhumed 
him in 1991. Subsequently, this ancient 
corpse has provided a trove of intriguing 
information about copper-age Europeans. 
Now, Maixner et al. have identified the 
human pathogen Helicobacter pylori 
within the mummy's stomach contents. 
The strain the “Iceman” hosted appears 
to most closely resemble pathogenic 
Asian strains found today in Central and 
Southern Asia. — CA 


Science, this issue p. 162 


forcing. The age offset displayed 
by the older samples apparently 
was caused by interaction with 
groundwater, which preferentially 
affected the deeper original 
samples but not the new shal- 
lower samples. — HJS 

Science, this issue p. 165 


HIV TRANSMISSION 


The ART of HIV prevention 


Despite the relative success of 
antiretroviral therapy (ART) for 
individuals infected with human 
immunodeficiency virus (HIV), 
the rate of new diagnoses has 
remained fairly constant. Now, 
Ratmann et al. examined prob- 
able sources of transmission in 
the Netherlands for men who 
have sex with men. They found 
that neither ineffective ART nor 
inadequate retention in care 
contributed to new infections. 
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Rather, many of these cases 
could have been averted with 
available ART had there been 
more comprehensive testing 
coverage among men at risk of 
transmission. These findings 
support broader, more frequent 
testing followed by immediate 
ART as a strategy to decrease 
transmission rates. — ACC 

Sci. Transl. Med.8, 320ra2 (2016) 


Location, location, location 
Aggregates of certain disease- 
associated proteins are involved 
in neurodegeneration. Woerner 
et al. now show that the exact 
ocation of these aggregates in 
the cell may be the key to their 
pathology (see the Perspective 
by Da Cruz and Cleveland). 

An artificial aggregate-prone 
protein caused problems when 
expressed in the cytoplasm 

but not when expressed in 

the nucleus. Cytoplasmic 
aggregates interfered with 
nucleocytoplasmic import and 
export. Perhaps if we can shunt 
pathological aggregates to the 
nucleus in the future, we will be 
able to ameliorate some forms 
of degenerative disease. — SMH 


Science, this issue p. 173; 
see also p.125 


Size distributions of 
tropical trees 


The distribution of tree size in 
tropical forests follows a power- 
law regardless of location. This 
pattern has largely eluded mech- 
anistic explanation. Using 30 


Tropical rainforest in Panama with a 
fresh treefall gap 
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years of tree demography and 
growth data from a forest plot 

in Panama, Farrior et al. show 
that the power-law size structure 
emerges after natural local 
disturbances such as the gaps 
formed by falling trees. A model 
of forest dynamics identifies the 
structural parameter governing 
the power-law distribution. A 
mechanistic understanding of 
tropical forest structural dynam- 
ics will benefit forest carbon 
cycling studies. — AMS 


Science, this issue p.155 


Plants send out a 
bacterial mimic 


Bacteria use the quorum-sensing 
pathway to regulate community- 
level interactions, such as the 
formation of biofilms. Corral-Lugo 
et al. determined that a common 
plant compound mimics a quo- 
rum-sensing signal. Rosmarinic 
acid stimulated the activity of 
a transcriptional regulator in 
the quorum-sensing pathway 
of the plant and human patho- 
gen Pseudomonas aeruginosa, 
increasing biofilm formation. 
Because rosmarinic acid could 
stimulate a premature quorum- 
sensing response, this compound 
may strategically disrupt bacte- 
rial communication. — NRG 

Sci. Signal. 9, ral (2016). 


Heat conversion gets a 
power boost 


Thermoelectric materials convert 
waste heat into electricity, but 
often achieve high conversion 
efficiencies only at high tem- 
peratures. Zhao et al. tackle 

this problem by introducing 
small amounts of sodium to the 
thermoelectric SnSe (see the 
Perspective by Behnia). This 
boosts the power factor, allowing 
the material to generate more 
energy while maintaining good 
conversion efficiency. The effect 
holds across a wide temperature 
range, which is attractive for 
developing new applications. 
—BG 


Science, this issue p. 141; see also p. 124 
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A global census of lake nutrients 


akes of all sizes are sensitive to local water and pollu- 

tion management strategies. Excess nutrients in lakes 

can induce a series of unexpected consequences for 

water quality or greenhouse gas emissions. Based on 

previously collected data from over 8000 lakes across 
six continents, Chen et al. compiled a global estimate of 
carbon, nitrogen, and phosphorus in lakes. These trace 
nutrients have intertwined fates in lakes, often related to 
morphological and climatic factors that change over time. 
Perturbations of climate or land use by humans will there- 
fore have wide-ranging effects on biogeochemical cycling of 
nutrients within lakes across the globe. — NW 
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Sci. Rep. 10.1038/srep15043 (2015). 
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Seven progenitor cells lead 
to a variety of blood cells 


GEOPHYSICS 
Setting the table for 
anew plate 


Anew and surprising discovery 
on the floor of the Indian Ocean 
could help determine the age 
of the Himalayan Mountains. 
Matthews et al. suggest that the 
India-Eurasia collision responsible 
for the great mountain range also 
explains an unexpected extinct 
tectonic plate. The formation of a 
previously unknown “Mammericx 
Microplate” was created at the 
beginning of plate convergence. 
The microplate is about 50 
million years old, providing an 
independent estimate for the 
continent-continent collision. 
—BG 

Earth Planet. Sci. Lett. 10.1016/ 

j.epsl.2015.10.040 (2015). 


DNA REPAIR 
Breaking DNA for gene 


expression 

DNA breaks are potentially 
highly mutagenic, and the cell 
has an array of DNA damage 
response systems to rapidly 
repair such damage. Curiously, 
DNA repair factors have been 
found associated with tran- 
scriptionally paused, inducible 
genes. Bunch et al. show that 
the activation of paused and 
inducible genes in human tis- 
sue culture cells triggers DNA 
breaks at the RNA polymerase 
pause site. The subsequent 
recruitment and signaling 
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activity of DNA repair factors is 
critical for DNA repair, release 
of the RNA polymerase, and 
the transition to the transcrip- 
tion elongation phase of gene 
expression. — GR 

Nat. Commun. 6, 10191 (2015). 


GRAPHENE ELECTRONICS 
Tuning graphene 
at a stretch 


Graphene is often described as 
the superlative material, col- 
lectively possessing electronic, 
thermal, and mechanical prop- 
erties that exceed those of most 
other materials. The ability to 
tune these properties is, how- 
ever, challenging. Stretching 
graphene alters the lattice 
structure, causing a change 

in the electronic properties as 

if there was a large magnetic 
field locally applied to the 
electrons. Zhu et al. exploit this 
electromechanical property to 
demonstrate that, by patterning 


Testing cell circuits like an engineer 
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IMMUNOGENOMICS 


the geometry of the graphene 
layer in just the right way, 
they can design-in the desired 
strain that then gives rise to 
uniform pseudomagnetic fields. 
The engineered stretching 
technique should offer a route 
toward enhanced and tunable 
functionality of graphene. — ISO 
Phys. Rev. Lett. 115, 245501 (2015). 


SIGNAL TRANSDUCTION 
Testing a cell 

signaling circuit 

It remains a challenge to 
understand how a limited 
number of signaling mecha- 
nisms encode a broad range 

of cellular responses. Ryu et 

al. explored signaling by the 
mitogen-activated protein 
kinase pathway activated by 
various growth factors in single 
PC-12 rat pheochromocytoma 
cells. As Bluthgen explains ina 
commentary, the authors tested 
the circuit much as an electrical 
engineer might test an 
electrical circuit. They 
compared effects of 
pulses or sustained 
doses of growth fac- 
tor. Sustained growth 
factor stimulus 
caused a heteroge- 
neous response of 
single cells—some 
transiently and 

some sustaining 
pathway activation. 
Mathematical model- 
ing and evaluation 
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Following the bloodline downstream 


here are many different types of blood cells that 

originate from a single progenitor cell, but their 

developmental pathways are not well understood. 

Applying single-cell sequencing to mouse bone mar- 

row cell populations, Paul et al. identify seven myeloid 
progenitor states indicating developmental heterogeneity 
among these cells. Characterizing cellular in vivo functions, 
they find clusters of cells that express previously well-char- 
acterized transcriptional profiles in both rare and common 
cell types, as well as novel profiles helping demarcate dif- 
ferent cellular lineages. — LMZ 


Cell 163, 1663 (2015). 


of pulsed growth factor 
stimulation in cells showed that 
different frequencies of stimula- 
tion enabled the same growth 
factor to cause different cell 
fate decisions. — LBR 

Mol. Syst. Biol. 10.15252/ 

msb.20156458 (2015). 


Mol. Syst. Biol. 10.15252/ 
msb.20156642 (2015). 


DRUG DELIVERY 
A protein assist for 


brain border crossings 


Getting therapies into the brain 
represents a major challenge 
to drug developers. A layer of 
brain endothelial cells (BECs) 
acts as a barrier by preventing 
large molecules in the blood 
from accessing the brain. One 
promising way to overcome 
this is by using protein recep- 
tors on BECs to transfer large 
molecules like antibodies 
across the barrier. Zuchero et 
al. used proteomics to identify 
candidate proteins expressed 
highly on mouse BECs. They 
found that BECs expressed high 
amounts of CD98hc and then 
created antibodies to target it. 
These antibodies could access 
the brain after systemic dosing 
of mice and showed substan- 
tial pharmacodynamic activity 
after being engineered so that 
one antibody arm recognized 

a potential drug target for 
Alzheimer's disease. — KLM 


Neuron 10.1016/ 
j-neuron.2015.11.024 (2016). 
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EARTH HISTORY 
Evidence of an 
Anthropocene epoch 


Humans are undoubtedly alter- 
ing many geological processes 
on Earth—and have been for 
some time. But what is the 
stratigraphic evidence for 
officially distinguishing this new 
human-dominated time period, 
termed the “Anthropocene,” 
from the preceding Holocene 
epoch? Waters et al. review 
climatic, biological, and geo- 
chemical signatures of human 
activity in sediments and ice 
cores. Combined with deposits 
of new materials and radionu- 
clides, as well as human-caused 
modification of sedimentary 
processes, the Anthropocene 
stands alone stratigraphically as 
a new epoch beginning some- 
time in the mid—2Oth century. 
— NW 


Science, this issue p. 137 


ECOLOGY 
Reforest with care 


Grasslands throughout the 
tropics are targeted for forest 
planting. In his Perspective, 
Bond argues that such efforts 
put ancient, highly biodiverse 
ecosystems at risk. Although 
some grasslands are the result 
of deforestation, wide areas have 
supported mosaics of grassland 
and forest for millions of years. 
Examples include grasslands in 
southern Brazil, South Africa, 
and Madagascar. Many of these 
grasslands require frequent 
fires to maintain them. Plants 
have evolved to survive fires, for 
example, by developing exten- 
sive root systems. It is crucial 
that efforts are made to protect 
these ancient tropical grassy 
ecosystems. — JFU 

Science, this issue p.120 
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BRAIN CIRCUITS 
Fine-tuned information 
flow in the brain 


In addition to providing well- 
characterized excitatory inputs, 
the entorhinal cortex also sends 
long-range inhibitory projections 
to the hippocampus. Basu et al. 
described this input in detail and 
characterized its role for learning 
and memory. Multimodal sen- 
sory stimuli activate long-range 
inhibitory input in vivo. This 
input enables precisely timed 
information transfer within the 
cortico-hippocampal circuit. In 
this way, long-range inhibitory 
projections play an important 
role in providing specificity of 
fear conditioning, and thus help 
prevent overgeneralization. 

— PRS 


Science, this issue p.138 


HEMATOPOIESIS 
Adjusting hematopoietic 
hierarchy 


In adults, more than 300 billion 
blood cells are replenished 
daily. This output arises from 
acellular hierarchy where 

stem cells differentiate into a 
series of multilineage progeni- 
tors, culminating in unilineage 
progenitors that generate over 
10 different mature blood cell 
types. Notta et al. mapped the 
lineage potential of nearly 3000 
single cells from 33 different 
cell populations of stem and 
progenitor cells from fetal liver, 
cord blood, and adult bone 
marrow (see the Perspective 

by Cabezas-Wallscheid and 
Trumpp). Prenatally, stem cell 
and progenitor populations were 
multilineage with few unilineage 
progenitors. In adults, multilin- 
eage cell potential was only seen 
in stem cell populations. — BAP 


Science, this issue p. 139; 
see also p. 126 
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GEOMORPHOLOGY 
Nepal’s quake-driven 
landslide hazards 


Large earthquakes can trigger 
dangerous landslides across 

a wide geographic region. The 
2015 M,, 7.8 Gorhka earthquake 
near Kathmandu, Nepal, was 

no exception. Kargal et al. used 
remote observations to compile 
a massive catalog of triggered 
debris flows. The satellite-based 
observations came froma 
rapid response team assist- 

ing the disaster relief effort. 
Schwanghart et al. show that 
Kathmandu escaped the his- 
torically catastrophic landslides 
associated with earthquakes in 
1100, 1255, and 1344 C.E. near 
Nepal's second largest city, 
Pokhara. These two studies 
underscore the importance of 
determining slope stability in 
mountainous, earthquake-prone 
regions. — BG 


Science, this issue p. 140; see also p. 147 


MICROBIOME 
Decomposition spawns a 
microbial zoo 


The death of a large animal 
represents a food bonanza for 
microorganisms. Metcalf et al. 
monitored microbial activity 
during the decomposition of 
mouse and human cadavers. 
Regardless of soil type, season, or 
species, the microbial succes- 
sion during decomposition was 
a predictable measure of time 
since death. An overlying corpse 
leaches nutrients that allow soil- 
and insect-associated fungi and 
bacteria to grow. These microor- 
ganisms are metabolic specialists 
that convert proteins and lipids 
into foul-smelling compounds 
such as cadaverine, putrescine, 
and ammonia, whose signature 
may persist in the soil long after 
acorpse has been removed. — CA 
Science, this issue p. 158 
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CELL BIOLOGY 
Mitochondria migration 
during mitosis 

Every time a cell divides, it 

is faced with the problem of 
ensuring adequate distribu- 
tion of all components to the 
daughter cells. This includes 
components that are present 

in relatively small numbers, 

like the mitochondria and their 
DNA-containing nucleoids. Jajoo 
et al. used quantitative time- 
lapse fluorescence microscopy 
of single yeast cells to explore 
how this works. Unlike chro- 
mosomes or macromolecules, 
mitochondria and nucleoids are 
distributed in proportion to the 
volume of cytoplasm received by 
each daughter cell. Partitioning 
errors are kept low by even 
distribution of the mitochondrial 
volume and roughly equal spac- 
ing of the nucleoids before they 
are distributed. — LBR 


Science, this issue p. 169 


GEOPHYSICS 
Mantle minerals won’t 
share the strain 


The deformation of a mixed 
block of material depends on the 
strength of the components of 
which it is made. Weak materials 
will deform more than the strong 
ones in a mixture that is squished 
or stretched. Girard et al. find 

a large difference in strength 
between the two primary 
minerals making up Earth’s lower 
mantle (see the Perspective 

by Chen). Deformation in the 
convecting mantle may occur 
only near boundary layers as 

a result, leaving large regions 
potentially unaffected. This 

could explain long-lived chemical 
reservoirs in Earth's interior and 
the lack of seismic anisotropy in 
the lower mantle. — BG 


Science, this issue p. 144; 
see also p. 122 
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CHEMOTAXIS 
Achemokine’s sugary 
release 


As immune cells survey the 
body for pathogens, they 
circulate through the blood 

and migrate through the 
lymphatic system. The latter 
route allows for tissues and 
lymph nodes—the central hubs 
of the immune system—to 
communicate. Kiermaier et al. 
reveal the importance of the 
monosaccharide sialic acid in 
keeping immune cells in motion. 
Multiple sialic acids decorate 
the surface CCR7 on immune 
cells. CCR7 recognizes proteins 
called chemokines, which direct 
where cells move in the body. 
Sialic acids on CCR7 release 
one such chemokine present 
on lymph node endothelial cells 
from an inhibited state, allowing 
immune cells to enter lymph 
nodes. — KLM 


Science, this issue p. 186 


PROTEIN STRUCTURE 


Going in with a BAM 


Integral membrane proteins 
in bacterial outer membranes 
play roles in nutrient import and 
infectivity. These proteins are 
folded into a barrel shape com- 
posed of B-strands and inserted 
into the outer membrane by the 
B-barrel assembly machinery 
(BAM) complex. Bakelar et al. 
determined the crystal struc- 
ture of a four-component BAM 
subcomplex. The structure of a 
central B barrel in BAM changes 
in the presence of the accessory 
components to create a lateral 
opening that may be involved in 
how BAM inserts proteins into 
the outer membrane. — VV 
Science, this issue p. 180 
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REVIEW SUMMARY 


EARTH HISTORY 


The Anthropocene is functionally 
and stratigraphically distinct from 


the Holocene 


Colin N. Waters,* Jan Zalasiewicz, Colin Summerhayes, Anthony D. Barnosky, 
Clément Poirier, Agnieszka Galuszka, Alejandro Cearreta, Matt Edgeworth, 

Erle C. Ellis, Michael Ellis, Catherine Jeandel, Reinhold Leinfelder, J. R. McNeill, 
Daniel deB. Richter, Will Steffen, James Syvitski, Davor Vidas, Michael Wagreich, 
Mark Williams, An Zhisheng, Jacques Grinevald, Eric Odada, 


Naomi Oreskes, Alexander P. Wolfe 


BACKGROUND: Humans are altering the pla- 
net, including long-term global geologic pro- 
cesses, at an increasing rate. Any formal 
recognition of an Anthropocene epoch in the 
geological time scale hinges on whether humans 
have changed the Earth system sufficiently to 
produce a stratigraphic signature 
in sediments and ice that is distinct 
from that of the Holocene epoch. 
Proposals for marking the start of 
the Anthropocene include an “early 
Anthropocene” beginning with the 
spread of agriculture and de- 
forestation; the Columbian Exchange 
of Old World and New World spe- 
cies; the Industrial Revolution at 
~1800 CE; and the mid-20th cen- 
tury “Great Acceleration” of popula- 
tion growth and industrialization. 


ADVANCES: Recent anthropogenic 
deposits contain new minerals and 
rock types, reflecting rapid global dis- 
semination of novel materials includ- 
ing elemental aluminum, concrete, 
and plastics that form abundant, rap- 
idly evolving “technofossils.” Fossil 
fuel combustion has disseminated 
black carbon, inorganic ash spheres, 
and spherical carbonaceous particles 
worldwide, with a near-synchronous 
global increase around 1950. Anthro- 
pogenic sedimentary fluxes have 
intensified, including enhanced 
erosion caused by deforestation 
and road construction. Widespread 
sediment retention behind dams 
has amplified delta subsidence. 
Geochemical signatures include 
elevated levels of polyaromatic hy- 
drocarbons, polychlorinated bi- 
phenyls, and pesticide residues, as 
well as increased 7°”?Ph ratios from 
leaded gasoline, starting between 


SCIENCE sciencemag.org 


~1945 and 1950. Soil nitrogen and phosphorus 
inventories have doubled in the past century 
because of increased fertilizer use, generating 
widespread signatures in lake strata and nitrate 
levels in Greenland ice that are higher than at 
any time during the previous 100,000 years. 


Detonation of the Trinity atomic device at 
Alamogordo, New Mexico, on 16 July 1945 
initiated local nuclear fallout from 1945 to 1951, 
whereas thermonuclear weapons tests gen- 
erated a clear global signal from 1952 to 1980, 
the so-called “bomb spike” of excess “C, ??°Pu, 
and other artificial radionuclides that peaks 
in 1964. 

Atmospheric CO, and CH, concentrations 
depart from Holocene and even Quaternary 
patterns starting at ~1850, and more markedly 
at ~1950, with an associated steep fall in 5°C 


that is captured by tree 


rings and calcareous fos- 
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present, occurring pre- 
dominantly in the past 
50 years, is now rising beyond the Holocene 
variation of the past 14,000 years, accom- 
panied by a modest enrichment of 5'°O in 
Greenland ice starting at ~1900. Global sea lev- 
els increased at 3.2 + 0.4 mm/year from 1993 to 
2010 and are now rising above Late Holocene 
rates. Depending on the trajectory of future 
anthropogenic forcing, these trends 
may reach or exceed the envelope of 
Quaternary interglacial conditions. 

Biologic changes also have been 
pronounced. Extinction rates have 
been far above background rates 
since 1500 and increased further in 
the 19th century and later; in addi- 
tion, species assemblages have been 
altered worldwide by geologically 
unprecedented transglobal species 
invasions and changes associated 
with farming and fishing, perma- 
nently reconfiguring Earth’s bio- 
logical trajectory. 


——— Oanic 


ey 


——_—_ ———— Glacial 
; sediment 


[ 
ist 


Indicators of the Anthropocene in recent lake sediments differ 
markedly from Holocene signatures. These include unprecedented 
combinations of plastics, fly ash, radionuclides, metals, pesticides, 
reactive nitrogen, and consequences of increasing greenhouse gas 
concentrations. In this sediment core from west Greenland (69°03'N, 
49°54'W), glacier retreat due to climate warming has resulted in an 
abrupt stratigraphic transition from proglacial sediments to nonglacial 
organic matter, effectively demarcating the onset of the Anthropocene. 
[Photo credit: J. P. Briner] 


sediment 


OUTLOOK: These novel stratigraph- 
ic signatures support the formaliza- 
tion of the Anthropocene at the 
epoch level, with a lower boundary 
(still to be formally identified) suit- 
ably placed in the mid-20th century. 
Formalization is a complex question 
because, unlike with prior subdivi- 
sions of geological time, the poten- 
tial utility of a formal Anthropocene 
reaches well beyond the geological 
community. It also expresses the 
extent to which humanity is driving 
rapid and widespread changes to the 
Earth system that will variously per- 
sist and potentially intensify into the 
future. m 


The list of author affiliations is available in the full 
article online. 
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The Anthropocene is functionally 
and stratigraphically distinct from 


the Holocene 
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Human activity is leaving a pervasive and persistent signature on Earth. Vigorous debate 
continues about whether this warrants recognition as a new geologic time unit known as 
the Anthropocene. We review anthropogenic markers of functional changes in the Earth 
system through the stratigraphic record. The appearance of manufactured materials in 
sediments, including aluminum, plastics, and concrete, coincides with global spikes in 
fallout radionuclides and particulates from fossil fuel combustion. Carbon, nitrogen, and 
phosphorus cycles have been substantially modified over the past century. Rates of 
sea-level rise and the extent of human perturbation of the climate system exceed Late 
Holocene changes. Biotic changes include species invasions worldwide and accelerating 
rates of extinction. These combined signals render the Anthropocene stratigraphically 


distinct from the Holocene and earlier epochs. 


he term “Anthropocene” is currently used 

informally to encompass different geologi- 

cal, ecological, sociological, and anthropo- 

logical changes in recent Earth history. The 

origins of the concept of the Anthropocene, 
its terminology, and its sociopolitical implica- 
tions are widely discussed (J, 2). When considering 
the stratigraphic definition of the Anthropocene, 
there are two basic questions: Have humans 
changed the Earth system to such an extent that 
recent and currently forming geological deposits 
include a signature that is distinct from those of 
the Holocene and earlier epochs, which will re- 
main in the geological record? If so, when did 
this stratigraphic signal (not necessarily the first 
detectable anthropogenic change) become recog- 
nizable worldwide? These questions are consid- 
ered here in the context of how stratigraphic 
units have been formally recognized earlier in the 
Quaternary period. 

Proposals for marking the start of the Anthro- 
pocene have included (i) an “early Anthropocene” 
associated with the advent of agriculture, animal 
domestication, extensive deforestation, and grad- 
ual increases in atmospheric carbon dioxide (CO2) 
and methane (CH,) levels thousands of years ago 
(3, 4); Gi) the Columbian Exchange of Old World 
and New World species associated with coloni- 
zation of the Americas (5); (iii) the beginning of 
the Industrial Revolution at ~1800 CE (6, 7); and 
(iv) the mid-20th century “Great Acceleration” of 
population growth, industrialization, and min- 
eral and energy use (8-10). 
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Here we review several lines of evidence sug- 
gesting that the Anthropocene’s stratigraphic sig- 
natures distinguish it from the Holocene (Fig. 1). 
We find that criteria available to recognize the 
Anthropocene are consistent with those used to 
define other Quaternary stratigraphic units. Ear- 
lier Quaternary time-unit subdivisions are defined 
by signals from cyclical forcings of climate change, 
such as variation in Earth’s orbit or solar ir- 
radiance, and irregular events such as volcanic 
eruptions. Although these forcings continue, the 
Anthropocene markers reflect an additional key 
driver, that of human modification of global 
environments at unprecedented rates. This 
driver has produced a wide range of anthropo- 
genic stratigraphic signals (Fig. 1), including 
examples that are novel in Earth history, that are 
global in extent, and that offer fine temporal 
resolution. The signals vary in their develop- 
ment: Some are already advanced, and others 
are at early stages. We describe these signals and 
suggest how they may be used in the stratigraphic 
characterization and correlation of a formalized 
Anthropocene epoch with a lower boundary (still 
to be identified) potentially placed in the mid- 
20th century. 


How are Quaternary stratigraphic 
units defined? 


The Quaternary period, which began 2.6 million 
years ago (Ma), is subdivided into geochronological 
time units (epochs and ages) with boundaries that 
are linked at least in part to climate change events 
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(expressed as marine isotope stages), in association 
with paleomagnetic reversals (17). This contrasts 
with the subdivision of most of the Phanerozoic 
eon (the past ~541 + 1 Ma), for which the first or 
last appearance of key fossil taxa is typically used 
to define time units. Fossil-based boundaries repre- 
sent change at rates too slow and time-transgressive 
for the geologically recent past, in which the time 
units are of comparatively short duration (about 
12,000 years for the Holocene versus 2 million 
years or more for earlier epochs). These time in- 
tervals are recognizable in the geologic record 
as chronostratigraphic units (series and stages), 
which, in contrast to the time units, are physical 
entities, including rocks, sediments, and glacier 
ice. Ideally, a chronostratigraphic unit is exempli- 
fied, and its lower boundary defined, at a single 
locality termed the Global Boundary Stratotype 
Section and Point (GSSP), which is typically in 
marine strata for pre-Holocene series (72). 
The start of the Holocene epoch (or series) is 
based on the termination of the transition from 
the last glacial phase into an interval of warming 
accompanied by ~120 m of sea-level rise. The warm- 
ing took place over about 1600 years and is 
recorded by a variety of stratigraphic signals that 
are not all globally synchronous. In the Northern 
Hemisphere, the signal for the Holocene’s beginning 
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Fig. 1. Summary of the magnitude of key markers of anthropogenic change that are indicative of 
the Anthropocene. (A) Novel markers, such as concrete, plastics, global black carbon, and plutonium 
(Pu) fallout, shown with radiocarbon (4C) concentration. (B) Long-ranging signals such as nitrates 
(NO3°), COz, CHy, and global temperatures, which remain at relatively low values before 1950, rapidly 
rise during the mid-20th century and, by the late 20th century, exceed Holocene ranges. 


was taken as the abrupt end of the Younger Dryas 
cooling event. The GSSP chosen to define the base 
of the Holocene was agreed to lie within the 
NGRIP2 ice core from central Greenland (NGRIP, 
North Greenland Ice Core Project) (13). The core 
contains a detailed archive of environmental 
change, preserved in the composition of air bub- 
bles trapped in the ice and in the chemical and 
physical characteristics of the ice. The GSSP lies 
within a multidecade warming and moistening 
trend, which is inferred from oxygen isotopes 
showing rising 5'80, associated with a reduction 
in dust content. About midway through this trend, 
the sharpest change is a decrease in excess deu- 
terium, which is interpreted as representing a re- 
organization of North Atlantic ocean-atmosphere 
circulation at 11,700 years before the year 2000 CE, 
+ 99 years at 20 (13). This distinctive change is 
used to define the base of the Holocene series 
(the material chronostratigraphic unit). Thus, 


aad2622-2 


8 JANUARY 2016 * VOL 351 ISSUE 6269 


by definition, the Holocene epoch (the abstract 
time unit) began ~11,700 years ago. 

The Holocene epoch (and corresponding series) 
is being considered for subdivision into three 
component sub-epochs (subseries), again using 
climatic signatures to guide the positioning of 
their bases. The base of the Lower Holocene, by 
default, would be the base of the Holocene series, 
as described above. The base of the Middle Hol- 
ocene has been proposed to lie within a short- 
lived (150 + 30 years) cooling event at 8200 years 
before the present (yr B.P.), where there is a 
marked shift to lower 80/160 values (more neg- 
ative 5'°O values) within the NGRIP1 ice core in 
the Greenland Ice Sheet (73). Within the same 
narrow interval of time, Greenland ice cores show 
low deuterium/hydrogen (D/H) ratios, a decline 
in annual layer thickness, an atmospheric CH, 
minimum, and a volcanic marker characterized 
by high fluoride content. Such signals have led 


to the proposal that a Greenland ice core should 
be used to define the Middle Holocene GSSP (73). 
Although such signals are most strongly evident 
at localities adjacent to the North Atlantic, they 
probably make up part of a global signature, 
because correlative signals are evident in lake 
sediments as changes in pollen assemblages and 
oxygen isotopes; in cave speleothems as isotopic 
signals reflecting changes in the intensity of the 
South American monsoon; in marine foraminif- 
eral assemblages (species compositions); and in 
increased aridification around the Mediterranean 
that broadly coincides with the Mesolithic-Neolithic 
transition (73). 

The base of the Upper Holocene has been 
proposed to lie at a mid- and low-latitude aridifi- 
cation event at 4200 yr B.P. (73). This event ap- 
pears to have coincided with cooling of the North 
Atlantic and tropical Pacific, the arrival of cooler 
and wetter conditions in Europe, and a weaken- 
ing of the Asian monsoon (3). The proposed 
stratotype is in a speleothem record from Mawm- 
luh Cave in northeast India, at the midpoint of a 
two-stage shift of 580 values in calcite from more 
positive, starting at 4300 yr B.P., to more nega- 
tive, starting at 4100 yr B.P. (73). Although there 
is no doubt that marked environmental per- 
turbations occurred at both 8200 and 4200 yr 
B.P., most proxies indicate subsequent recov- 
ery in a matter of centuries, implying that these 
were temporally discrete paleoclimatic events as 
opposed to truly novel states within the Earth 
system. 


Human drivers of 
stratigraphic signatures 


The driving human forces responsible for many 
of the anthropogenic signatures are a product of 
the three linked force multipliers: accelerated 
technological development, rapid growth of the 
human population, and increased consumption 
of resources. These have combined to result in 
increased use of metals and minerals, fossil fuels, 
and agricultural fertilizers and increased trans- 
formation of land and nearshore marine ecosys- 
tems for human use. The net effect has been a 
loss of natural biomes to agriculture, cities, roads, 
and other human constructs and the replacement 
of wild animals and plants by domesticated spe- 
cies to meet growing demands for food. This 
increase in consumption of natural resources is 
closely linked to the growth of the human popula- 
tion. Anatomically modern Homo sapiens emerged 
~200,000 years ago (/4). By 12,000 yr B.P., around 
the start of the Holocene, humans had colonized 
all of the continents except Antarctica and the 
South Pacific islands and had reached a total 
population estimated at 2 million (15, 16). Up to 
this point, human influence on the Earth system 
was small relative to what has happened since 
the mid-20th century; even so, human impacts 
contributed to the extinction of Pleistocene me- 
gafauna (17). However, the key signals used to 
recognize the start of the Holocene epoch were 
not directly influenced by human forcing, which 
is a major distinction from the proposed Anthro- 
pocene epoch. 
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Humans had a growing stratigraphic influence 
throughout the Holocene epoch as the global pop- 
ulation gradually increased. It has been argued 
that ~8000 years ago, with a global population 
estimated at less than 18 million (75, 6), the ini- 
tiation of agricultural practices and forest clear- 
ances began to gradually increase atmospheric 
CO, levels (3). But it was not until ~1800 CE that 
the global population first reached 1 billion (76). 
Increased mechanization and the drive to urban- 
ization during the Industrial Revolution, initially 
in Western Europe and eventually worldwide (18), 
then facilitated a more rapid population increase. 
Although this population growth is commonly 
thought to have increased exponentially through 
the 19th and 20th centuries (8, 9), recent analy- 
ses (15, 16) suggest that it can be differentiated 
into a period of relatively slower growth from 
1750 to 1940 CE and one of more rapid growth 
from 1950 to 2010 CE. The inflection point at 
~1950 CE coincides with the Great Accelera- 
tion (8, 9), a prominent rise in economic activity 
and resource consumption that accounts for 
the marked mid-20th century upturns in or 
inceptions of the anthropogenic signals detailed 
below. 


New anthropogenic materials 


Recent anthropogenic deposits, which are the 
products of mining, waste disposal (landfill), con- 
struction, and urbanization (19), contain the greatest 
expansion of new minerals since the Great Oxygen- 
ation Event at 2400 Ma (20) and are accompanied 
by many new forms of “rock,” in the broad sense 
of geological materials with the potential for long- 
term persistence. Over many millennia, humans 
have manufactured materials previously unknown 
on Earth, such as pottery, glass, bricks, and copper 
alloys. Remains of these materials are present as 
a persistent and widespread geological signal that 
is markedly time-transgressive, reflecting the mi- 
gration of peoples (27). In contrast, elemental alu- 
minum, which was almost unknown in native 
form before the 19th century, has seen 98% of its 
cumulative global production of ~500 Tg since 
1950 CE (Fig. 2A) (20, 22). Concrete, which was 
invented by the Romans, became the primary 
building material from World War II (1939-1945 
CE) onward. The past 20 years (1995-2015) ac- 
count for more than half of the 50,000 Tg of con- 
crete ever produced (22, 23) (Fig. 2A), equivalent 
to ~1 kg m ” of the planet surface. Concrete and 
aluminum are widely disseminated across ter- 
restrial, particularly urban, settings. 

Similarly, the manufacture of new organic poly- 
mers (plastics), which were initially developed in 
the early 1900s, rapidly grew from the 1950s to 
an annual production of about ~300 Tg in 2013 
(24) (Fig. 2A), comparable to the present human 
biomass. Plastics spread rapidly via rivers into 
lakes, and they are now also widespread in both 
shallow- and deep-water marine sediments as 
macroscopic fragments and as virtually ubiqui- 
tous microplastic particles (microbeads, “nurdles,” 
and fibers) (Fig. 2A) (25—27), which are dispersed 
by both physical and biological processes. The 
decay resistance and chemistry of most plastics 
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Fig. 2. The production of selected new anthropogenic materials. (A) Cumulative growth of manu- 
factured aluminum in the surface environment [adapted from data in (23), assuming a recycling rate of 
50%]; cumulative growth of production of concrete, assuming that most cement goes into concrete and 
that ~15% of average concrete mass is cement [from (22), derived from U.S. Geological Survey global 
cement production statistics]; annual growth of plastics production [from (24)]; and synthetic fibers 
production [from (26)]. (B) Global mid—2O0th century rise and late—20th century spike in SPCs, normalized 
to the peak value in each lake core [modified from (32)], and global black carbon from available annual 
fossil fuel consumption data for 1875-1999 CE (30). Numbers of lake cores for each region are indicated. 


suggest that they will leave identifiable fossil and 
geochemical records. 

These and other new materials are commonly 
shaped into abundant artifacts with the capacity 
to be preserved in and to help date future geo- 
logical deposits. Analogous to biotic fossil re- 
mains, these so-called technofossils (28) provide 
annual to decadal stratigraphic resolution (19, 22)— 
far greater than what can be obtained from the 
first and last appearances of fossil taxa, which 
have traditionally been the most common means 
of correlating stratal sections (29). 

Fossil fuel combustion disseminates unburned 
particles as black carbon, inorganic ash spheres 
(IASs), and spherical carbonaceous particles (SCPs). 
Black carbon increased markedly toward the end 
of the 19th century, and especially after ~1970 
CE, with a peak at 6.7 Tg year’ in ~1990 CE (Fig. 
2B) (30). IASs, which are locally detectable in the 
stratigraphic record starting in the 16th century, 
increased across Britain, Scandinavia, and North 
America from ~1835 to 1960 CE (37). SCPs, which 


8 JANUARY 2016 * VOL 351 ISSUE 6269 


were first recorded at various sites in the UK from 
1830 to 1860 CE, show a near-synchronous global 
increase around 1950 CE, with peak signatures 
from the 1960s to the 1990s (Fig. 2B) (32, 33). 
Black carbon, IASs, and SCPs, being airborne par- 
ticulates, leave a permanent marker within both 
sediments and glacial ice. An ancient analog is the 
marker horizon of carbon impact spherules at the 
Cretaceous-Paleogene boundary, which was created 
by the Chicxulub bolide impact (34). These low- 
temperature natural spherules, which are readily 
distinguishable from high-temperature industrial 
SCPs, demonstrate the likely persistence of SCPs 
as a stratigraphic marker (32). 


Modification of sedimentary processes 


The transformation of more than 50% of Earth’s 
land surface for human use (35) has generated 
anthropogenically modified materials that extend 
across multiple terrestrial settings. They are most 
ubiquitous in anthropogenic (artificial) deposits 
such as landfills, urban structures, and mine tailings, 


aad2622-3 


RESEARCH | REVIEW 


A 
| Holocene 
| Early | Mid 
Sg 
rat 
= 
Zz 
ae) 
Pleistocene 
20 18 #16 #14 «+12 «10 = «8 
B Thousand years B.P. 


AS 1° N (%o) 


Lake sediment Ad 1° N (%o) 

Summit, Greenland ice core Ad 15 N (%o) 
—— Global nitrogen fertilizer production 

Global NOx emissions 


1850 


1900 


| Late 


c 
2 
ar 

o 

— 
aS 

O 

oO 

e) 
< 
+ 

© 

o 

— 
oO 


Do GO -0 9 GD G0 
oo nS) DK GO 
PPP Dio S 


Year (CE) 


1950 2000 


Year (CE) 
Fig. 3. Perturbations of the nitrogen cycle since the start of the Late Pleistocene. (A) Coevolution 
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splicing data from two cores from Summit, Greenland (72.5°N, 38.4°W, 3200 m above sea level) (55-57). 
(B) Power functions fitted to 8!°N data from lake sediments (gray lines, representing 25 remote Northern 
Hemisphere sites) and ice cores (green line), expressed as departures (A8°N) from preindustrial baseline 
values (53, 54). These isotopic trends are shown alongside annual rates of reactive N production from 
agricultural fertilizer (Solid red line) and NO, emissions from fossil fuel combustion (dashed red line) (51). 


in addition to soils associated with cultivation. This 
influence is increasingly extending into the 
oceans, both directly, through coastal reclamation 
works, sediment reworking by trawler fishing, 
and the extraction of sand and gravel; and in- 
directly, through changes in coastal sedimentary 
facies in response to rising sea levels, the eutrophi- 
cation of coastal environments, and coral bleaching 
events (36). Human land alteration also increas- 
ingly extends into the subsurface via drilling into 
Earth’s crust to extract minerals, to store wastes, 
or to host utilities (37). Mineral extraction alone 
accounts for the displacement of ~57,000 Tg 
year ’ of sediments, exceeding the current rate of 
riverborne sediment transport by almost a factor 
of 3 (38). 

Human activities have also modified sedimen- 
tary processes sufficiently to leave clear expres- 
sions in river, lake, windblown, and glacial deposits 
that are often far removed from direct point sources 
(36). Sediment fluxes in many fluvial systems 
increased historically because of greater defores- 
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tation, livestock grazing, and cropland develop- 
ment. Clearing of primary forests for agriculture, 
usually by burning, began in Early to Mid-Holocene 
times, especially in temperate woodland bio- 
mes; this shifted diverse primary forest commun- 
ities toward domesticates and early successional 
species and left widespread, time-transgressive 
geological traces that include profound shifts 
in plant and animal remains, charcoal, and sedi- 
ment deposits from soil erosion (39, 40). In recent 
decades, secondary forests have recovered across 
much of the temperate zone, and forest clearing 
has shifted toward tropical regions; for example, 
periods of rapid deforestation have occurred in 
Amazonia, Indonesia, and other regions in Asia 
and Africa in response to economic and govern- 
ance dynamics (47). The construction of moun- 
tain roads in these tropical regions is resulting in 
substantial surface erosion and landslides (42). 
Extensive sediment retention behind dams 
constructed across major river systems has creat- 
ed a global signal more rapidly. Most dams were 


built in the past 60 years, at an average rate of 
more than one large dam per day (8, 9), and each 
will last 50 to 200 years, interrupting sediment 
transport to the oceans. The reduced sediment 
flux to major deltas, combined with increasing 
extraction of groundwater, hydrocarbons, and 
sediments (for aggregates), has caused many 
large deltas to subside more quickly, a process 
beginning in the 1930s (43) at rates faster than 
modern eustatic sea-level rise. Coastal retreat is 
an inevitable result. These various signals, which 
are abrupt on geological time scales, are diach- 
ronous at the decadal scale. 


Changed geochemical signatures in 
recent sediments and ice 


Anthropogenic materials and the human influ- 
ence on sedimentary environments have a near- 
global expression, but geochemical signatures, 
particularly those with airborne transport path- 
ways, reach all global environments, including 
the ~12% of Earth’s surface that is permanently 
covered by ice. Among the many distinct geo- 
chemical signatures that human activities 
have introduced into the sedimentary record 
are elevated concentrations of polyaromatic 
hydrocarbons, polychlorinated biphenyls, and 
diverse pesticide residues, each beginning at 
~1945 to 1950 CE (44-47). Lead smelting during 
Roman times resulted in a distinctive local marker 
of increased ?°”?°°Ph ratios, a signal that changed 
globally in the early 20th century as a result of 
vehicles powered by leaded gasoline (47). This 
illustrates that some anthropogenic geochemical 
signatures may vary geographically in their first 
appearance but nevertheless become useful as glo- 
bal markers when they rapidly spread as the result 
of new technologies in the mid-20th century. 
Nitrogen (N) and phosphorus (P) in soils have 
doubled in the past century because of increased 
fertilizer use (8, 9, 48). Production of P by mining, 
now at ~23.5 Tg year, is twice the background 
weathering rate of P released during the Holo- 
cene (49). Human processes are argued to have 
had the largest impact on the nitrogen cycle for 
some 2.5 billion years (48). The use of the Haber- 
Bosch process from 1913 CE onward has increased 
the amount of reactive N in the Earth system by 
120% relative to the Holocene baseline (50), accom- 
panied by an increased flux of nitrogen oxides 
(NO,) from the combustion of fossil fuels (Fig. 3) (67). 
These changes have stratigraphic consequences. 
The influx of excess reactive N and P to lakes and 
seas has led to seasonal oxygen deficiency, af- 
fecting local microbiota and, in extreme cases, 
increasing mortality in macrobiota (52). Northern 
Hemisphere lakes show increasingly depleted 5’°N 
values (53, 54) beginning at ~1895 CE (Fig. 3B) and 
accelerating over the past 60 years. In Greenland 
ice, 5'°N values during the Late Pleistocene glaci- 
ation show a gradual marked decline to a pre- 
industrial Holocene norm [mean, 9.7 per mil (%o) 
in the GISP2 (Greenland Ice Sheet Project 2) ice 
core; (55)]; they decline again and more rapidly 
starting at ~1850 CE, with the greatest decline 
occurring between 1950 and 1980 CE (Fig. 3A) 
(47, 56). The main phase of the increase in nitrate 
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levels also occurred between 1950 and 1980 CE 
(Fig. 3, A and B), culminating in values higher 
than any recorded for the previous 100,000 years 
(57). These markers are distinct from Holocene 
and Late Pleistocene background levels. 
Industrial metals such as cadmium, chromium, 
copper, mercury, nickel, lead, and zinc have been 
widely and rapidly dispersed since the mid-20th 
century, although many show much earlier and 
markedly diachronous signals associated with 
the expansion of mineral extraction and process- 
ing (47, 58). An acceleration in the use of trace 
metals and rare earth elements (REEs) began 
after World War II, resulting in an increase in 
the amounts mined, a global pattern of dispersion 
in the environment, and novel stoichiometric 
ratios. Metals and their derivatives are spread 
through inadequate processing, a lack of recy- 
cling and reuse, or loss during everyday use. For 
example, platinum, rhodium, and palladium lost 
from automotive catalytic converters accumulate 
preferentially in soils adjacent to highways (59). 


Radiogenic signatures and 
radionuclides in sediments and ice 


Potentially the most widespread and globally 
synchronous anthropogenic signal is the fallout 
from nuclear weapons testing. The start of the 
Anthropocene may thus be defined by a Global 
Standard Stratigraphic Age (GSSA) coinciding 
with detonation of the Trinity atomic device at 
Alamogordo, New Mexico, on 16 July 1945 CE 
(10). However, fallout from 1945 to 1951 CE came 
from fission devices and resulted in only localized 
deposition of radionuclides. Aggregate yields 
from thermonuclear weapon tests that began in 
1952 CE and peaked in 1961-1962 CE left a clear and 
global signature, concentrated in the mid-latitudes 
and highest in the Northern Hemisphere, where 
most of the testing occurred (Fig. 4B) (47, 60, 67). 
Useful potential markers include excess “C, an 
isotope common in nature, and 7?Pu, a naturally 
rare isotope. The Holocene segment of the IntCal13 
A“C curve, corrected for radiogenic decay (F“C), 
shows past natural fluctuations and a linear 
normalized decrease from 1.2 to ~1.0 during the 
Holocene, related to changes in the “C produc- 
tion rate and global carbon cycling (62) (Fig. 4A). 
An excess of “C forms a sharp bomb spike, start- 
ing in 1954 (10) and peaking in 1964 CE (5), both 
of which years have been suggested as potential 
markers for the start of the Anthropocene. How- 
ever, the peak is diachronous between hemi- 
spheres (Fig. 4B) (63). 7°°Pu, with its long half-life 
(24,110 years), low solubility, and high particle 
reactivity, particularly in marine sediments, may 
be the most suitable radioisotope for marking 
the start of the Anthropocene (6/, 64). The appear- 
ance of a ”°Pu fallout signature in 1951 CE, peak- 
ing in 1963-1964 CE (Fig. 4B), will be identifiable 
in sediments and ice for the next 100,000 years 
(61, 64); it will decay to a layer enriched in 7”°U 
and, ultimately, stable 7°’Pb. 


Carbon cycle evidence from ice cores 


Atmospheric CO,, now above 400 parts per 
million (ppm), was emitted into the atmosphere 
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Fig. 4. Radiogenic fallout signals as a marker of the Anthropocene. (A) Age-corrected atmospheric 
¥4C concentration (FC) based on the IntCall3 curve, before nuclear testing (62). (B) The atmospheric 
concentration of “C (F“C) (63) and 73°**4°Pu (64) radiogenic fallout from nuclear weapons testing 
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from 1999 to 2010 CE ~100 times as fast as the 
most rapid emission during the last glacial ter- 
mination (65), and concentrations have exceeded 
Holocene levels since at least 1850 CE (Fig. 5). 
During the Late Pleistocene to Early Holocene, 
atmospheric CO» preserved in air bubbles in 
Antarctic glacial ice underwent a stepped 70-ppm 
rise over 6000 years (66, 67), or an average rise of 
1 ppm per ~85 years. Subsequent Holocene CO, 
concentrations remained approximately stable 
(Fig. 5A). CO, concentrations showed a slightly 
decreasing trend from ~11,000 to 8000 yr B.P. 
This changed to a slightly rising trend, with a 
very slow rise of 260 to 285 ppm from ~7000 yr 
B.P. to the start of the Industrial Revolution (Fig. 
5A), a change which has been ascribed to early 
human agriculture by some (3), albeit controver- 
sially (66). Thus, the putative anthropogenic impact 
on atmospheric CO, at this time was both gradual 
and much less than subsequent changes over the 
past 200 years. The events at 8200 and 4200 yr 
B.P. that mark the proposed Mid- and Late 
Holocene sub-epochs, respectively (73), are not 
associated with any major change in CO, concen- 
trations. In sharp contrast, modern rates of atmo- 
spheric C emission (~9 Pg year‘) are probably the 
highest of the Cenozoic era (the past 65 Ma), 
likely surpassing even those of the Paleocene- 
Eocene Thermal Maximum (68). 

The Antarctic ice core record shows steady 
enrichment in &™C values from the Late Pleisto- 
cene to the Mid-Holocene time (66, 67), reflecting 
carbon uptake by the terrestrial biosphere and 
carbon release from oceans (Fig. 5A) (66), but it 
shows no changes at the proposed Mid- and Late 
Holocene sub-epoch boundaries. The Antarctic 
ice record shows approximately constant CO, and 
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58°C values continuing from 1200 to 1600 CE (Fig. 
5B) (69). A short-lived dip at ~1610 CE of about 
10 ppm in the CO, curve, with a synchronous minor 
enrichment in 8'°C, has been proposed as a marker 
for the start of the Anthropocene (5), although 
these fluctuations do not exceed natural Holocene 
variability (Fig. 5A) (70). The most pronounced 
change in atmospheric CO, concentrations is the 
~120-ppm increase since ~1850 CE (Fig. 5, B and 
C) (69), including a rise of ~2 ppm year’ over 
the past 50 years. This coincides with a steep fall 
(>2%o) in 82°C atmospheric CO, to ~-8.5%o (Fig. 
5C) (69), due to an increase in C from burning 
fossil hydrocarbons. This isotopic signature also 
forms part of the permanent record, because it is 
inscribed in archives such as tree rings, lime- 
stones, and calcareous fossils. 

Ice core records show atmospheric methane 
(CH, concentrations ranging from 590 to 760 parts 
per billion (ppb) through much of the Holocene 
(71-75), up to 1700 CE. This is followed by an un- 
precedented increase to 1700 ppb by 2004 CE 
(72), some 900 ppb higher than what has been 
recorded in Antarctic ice cores at any time in the 
past 800,000 years (76), with levels rising above 
Mid- to Late Pleistocene and Holocene maxima 
by ~1875 CE (Fig. 5D). The &C curve for CH, 
shows a marked decrease of ~1.5%o from ~1500 
to 1700 CE, perhaps in response to reduced bio- 
mass burning (72), and a subsequent abrupt rise 
from ~1875 CE to the present of ~2.5%o, re- 
flecting increasing pyrogenic emissions. 


Climate change and rates of sea-level 
change since the end of the last Ice Age 


The proposed subdivision of the Holocene epoch 
into sub-epochs is based on proxy signals for 
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Fig. 5. Perturbations of the carbon cycle evidenced by glaciochemical 
CO2 and CH, concentrations and carbon isotopic ratios. (A) Atmospheric 
COz2 from the Antarctic Law Dome and EPICA (European Project for Ice 
Coring in Antarctica) Dome C ice cores, with observational data [from (69) 
and references therein] and 83°C from atmospheric COz (66, 67). (B) CO> 
concentration and &C from atmospheric CO> from the Law Dome ice 
cores (69) for the time interval indicated by the green rectangle in (A), 


showing a 10-ppm dip in COz recognized as the Orbis event (5). (©) CO2 
concentration and 8°C from atmospheric CO» from the Law Dome ice 
core, firn data, and air samples (69) for the time period indicated by the 
green rectangle in (B), showing inflections at ~1965 CE. (D) Antarctic 
(squares) and Greenland (circles) ice core and firn records for CH, con- 
centration and 8°C for atmospheric CH, for the past two millennia (72-75) 
(top), with Greenland ice core CH, data for the Holocene (bottom) (71). 


climate change (13). Greenland ice cores show 
abrupt brief cooling events, expressed as de- 
creases in 5'°O values, at 11,400, 9300, and 8200 yr 
B.P. (Fig. 6A) (77), the lattermost of which would 
define the start of the proposed Middle Holocene 
(13). These events are less apparent in equivalent 
Antarctic ice cores (Fig. 6A) (78). A 4200-yr B.P. 
climate shift, which would mark the start of the 
proposed Upper Holocene (13), is not expressed 
in these curves. The overall trend during the Mid- 
to Late Holocene was of gradual cooling (Fig. 6B), 
which culminated in the Little Ice Age from 1250 
to 1800 CE (Fig. 6C). The cooling followed an 
orbitally related insolation decline, with small 
fluctuations representing changes in solar inten- 
sity, which are controlled by modulators such as 
the 208-year Suess cycle (79). Given that the 
orbital trend is continuing, Earth should still 
be cooling. However, increased anthropogenic 
emissions of greenhouse gases have instead 


aad2622-6 


8 JANUARY 2016 * VOL 351 ISSUE 6269 


caused the planet to warm abnormally fast, over- 
riding the orbitally induced climate cycle. 

The shift to climate warming (Fig. 6C) (80, 82) 
is first indicated by a slight change toward less 
negative 5’%O in Greenland ice starting at ~1900 CE 
(Fig. 6A). This shift is well outside the natural 
envelope of declining temperature change for the 
past 1400 years (Fig. 6C), mainly due to green- 
house gases released from burning of fossil fuels 
and deforestation (79, 81, 82). An average global 
temperature increase of 0.6° to 0.9°C between 
1906 and 2005 CE, with a doubling of the rate of 
warming over the past 50 years (83), is beginning 
to exceed Holocene natural variability (Figs. 6, B 
and C) in the Northern Hemisphere and is already 
above Holocene maxima in the tropics and South- 
ern Hemisphere. The change in 8°0 since 1900 CE 
in Greenland ice cores (Fig. 6A) is of a smaller 
magnitude than that of the 8200-yr B.P. cooling 
event marking the base of the proposed Middle 


Holocene, but it is larger than that at the base of 
the proposed Upper Holocene. 

Average global sea levels are currently higher 
than at any point within the past ~115,000 years 
(84), since the termination of the last interglacial 
of the Pleistocene epoch. The physical expression 
of sea-level change in the geological record is the 
displacement of sedimentary facies, for which the 
rate of change of sea level relative to rates of sed- 
iment accumulation and subsidence due to com- 
paction is crucial. For example, rapid sea-level rise 
can cause delta tops to flood, producing sharp 
transitions into overlying relatively deep marine 
and anoxic muds, marking a flooding surface. By 
the time of peak sea level, the rate of rise is slower, 
and fluvial systems can resupply sediment to re- 
establish deltas as progradational successions 
building up and out from the coast. 

Very high rates of sea-level change (>40 mm 


year‘) occurred at about 14,000 to 14,300 yr B.P. 
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during the Bolling warming event, associated 
with rapid ice sheet disintegration during the 
transition between the last glacial phase and the 
current interglacial phase (85). The high rate 
of rise caused widespread inundation of coastal 
areas, and sedimentary facies back-stepped (ret- 
rograded landward). 

The past 7000 years of the Holocene epoch, 
when ice volumes stabilized near present-day 
values, provide the baseline for discussion of an- 
thropogenic contributions. Relative sea-level re- 
cords indicate that from ~’7000 to 3000 yr B.P., 
global mean sea level rose ~2 to 3 m to nearly 
present-day levels (84). Based on local sea-level 
records spanning the past 2000 years, there is 
medium confidence that fluctuations in global 
mean sea level during this interval have not ex- 
ceeded ~0.25 m on time scales of a few hundred 
years. As a consequence, coastlines have been 
more or less fixed, and sediment accumulation 
within beaches, tidal flats, and deltas has been 
progradational. 

The most robust signal, captured in salt marsh 
records from both the Northern and Southern 
Hemispheres, supports a transition from relatively 
low rates of change during the Late Holocene 
(<1 mm year‘) to modern rates of 3.2 + 0.4mm 
year ' from 1993 to 2010 CE (84). By combining 
paleo-sea-level records with tide gauge records 
at the same localities, it is clear that sea level 
began to rise above the Late Holocene background 
rate between 1905 and 1945 CE (86); if continued, 
this trend will lead to a return to dominantly 
retrogradational shifts in sedimentary facies along 
coastal zones. However, reconstructions from the 
U.S. Atlantic coast suggest that the rate of sea- 
level rise is not linear (87). A rate of 0.06 to 0.39 mm 
year ' during the 18th century shows a change 
between 1827 and 1860 CE to a late-19th century 
rate of 1.22 to 1.53 mm year , and a secondary 
and less pronounced change from 1924 to 1943 CE 
to a subsequent late 20th century rate of 1.9 to 
2.22. mm year" (87). The timing of the inflections 
in this rising sea-level curve matches, with a delay 
of about a decade, the stepped changes in CO. 
concentrations (Fig. 5C). 

Compared with other stratigraphic changes 
described above, the climate and sea-level signals 
of the Anthropocene are not yet as strongly expres- 
sed, in part because they reflect the combined 
effects of fast and slow climate feedback mech- 
anisms. However, given that anthropogenic forcing 
is driving these changes, they are likely to exceed 
the envelope of not only Holocene but Quaternary 
baseline conditions (79). Projections of continued 
warming due to greenhouse gases (82), even 
with reductions below current emissions levels, 
suggest that by 2070, Earth will be at its hottest 
since the last interglacial period ~125,000 years 
ago [Figure 5.3 in (82)]—and hence hotter than it 
has been for most, if not all, of the time since 
modern humans emerged as a species 200,000 
years ago. 

Changes in global average surface temperature 
and increases in sea level are manifestations of 
changes in the surface energy balance. Perhaps a 
more fundamental measure of human perturba- 
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Fig. 6. Climate variations during the Holocene, indicated by oxygen isotopic ratios and modeled 
temperature variations. (A) Holocene profiles of 8°O from three Greenland ice cores, with three 
short-duration cooling events indicated by shading (77), shown with an Antarctic ice core profile for 
comparison (EDML, EPICA Dronning Maud Land Ice Core) (78). (B) Temperature reconstructions for the 
Holocene and global temperatures for the past 2000 years [B2K, before 2000 CE (81)]. (C) Standardized 
global mean temperature for the past 2000 years, represented by 30-year means (80, 81), showing the 
natural temperature envelope for the past 2000 years [based on (79)]. The Little Ice Age (LIA) and the 
Medieval Warm Period (MWP., also known as the Medieval Climatic Anomaly) of the Northern Hemisphere 


are indicated. 


tion of the climate system is the human-driven 
change to the planetary energy balance at Earth’s 
surface, as measured by changes in radiative 
forcing. Human activities, primarily the burning 
of fossil hydrocarbons, have increased the ra- 
diative forcing by 2.29 (1.13 to 3.33) W m° rel- 
ative to 1750 CE, with a more rapid increase since 
1970 CE than during prior decades. Overwhelm- 
ing the natural changes in radiative forcing 
during the Late Holocene (solar irradiance and 
volcanic aerosols), which are estimated to be 0.05 
(0.00 to 0.10) W m~ (82), the anthropogenic 
energy imbalance is poised to amplify strati- 
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graphic signals associated with warming and 
sea-level rise. 


Biotic change as an indicator of 
the Anthropocene 


Most Phanerozoic time intervals are defined using 
either the first or last appearance of key fossils 
(29). Evolution and extinction rates are mostly 
too slow and diachronous to provide an obvious 
biological marker for the start of the Anthro- 
pocene, but important biotic change has taken 
place recently (88). Although Earth still retains 
most of the species that were present at the start 
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Fig. 7. Increased rates of vertebrate extinctions. (A) The approximate rise in mammal extinction rates 
calculated over varying time intervals, as extended backward from 2010 CE (Ma, millions of years ago). 
Lines indicate the amount by which extinction rates exceed 1.8 extinctions per million species years 
(E/MSY) [see (89); sourced from (22)]. (B) Cumulative vertebrate species extinctions as a percentage 
of total species, with ranges (shaded) between conservative rates (including extinctions, extinctions in 
the wild, and possible extinctions) and lower highly conservative rates (verified extinctions only). A back- 
ground rate of 2.0 E/MSY is shown for comparison [after (89)]. 


of the Holocene, even conservative estimates of 
extinction rates since 1500 CE are far above mean 
per-million-year background rates (Fig. 7A), with 
a notable increase from the 19th century onward 
(89) (Fig. 7B). Current trends of habitat loss and 
overexploitation, if maintained, would push Earth 
into the sixth mass extinction event (with ~'75% of 
species extinct) in the next few centuries (90), a 
process that is probably already underway (89). 
Irrespective of the number of extinctions, spe- 
cies assemblages and relative abundances have 
been altered worldwide. This is especially true 
in recent decades because of geologically un- 
precedented transglobal species invasions and 
biological assemblage changes associated with 
agriculture on land and fishing in the sea (97). 
The terrestrial biosphere has undergone a dra- 
matic modification from 1700 CE, when almost 
50% of the global ice-free land area was wild and 
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only ~5% was intensively used by humans, to 
2000 CE, when the respective percentages were 
25% and 55% (92). The paleontological expres- 
sion of these assemblages will markedly differ 
from the typical Holocene fossil record as recog- 
nizable, novel biostratigraphic zones (93), and 
the new assemblages of species have already per- 
manently reconfigured Earth’s biological trajectory. 
These biotic changes are not synchronous, but 
they accelerated after 1500 CE on land (94) and in 
the seas, affecting both micro- and macrobiota (52). 


The case for a new epoch 


The stratigraphic signatures described above 
(Fig. 1) are either entirely novel with respect to 
those found in the Holocene and preexisting 
epochs or quantitatively outside the range of var- 
iation of the proposed Holocene subdivisions. 
Furthermore, most proximate forcings of these 


signatures are currently accelerating. These dis- 
tinctive attributes of the recent geological record 
support the formalization of the Anthropocene 
as a stratigraphic entity equivalent to other 
formally defined geological epochs. The bound- 
ary should therefore be placed following the 
procedures of the International Commission on 
Stratigraphy. 

If such formalization is to be achieved, how- 
ever, further work is required. First, it needs to 
be determined how the Anthropocene is to be 
defined, whether by GSSA (calendar age), GSSP 
[reference point in a stratal section (J0)], or a com- 
bination of both. Whichever is ultimately chosen, 
the location and comparative analyses of candi- 
date stratotype sections are necessary, not least 
to explore how effectively any chosen levels may 
be traced and correlated within stratal archives. 
This is linked to the question of when exactly the 
Anthropocene may be determined to begin. Our 
analysis is more consistent with a beginning in 
the mid-20th century, and a number of options 
have already been suggested within that inter- 
val, ranging from 1945 to 1964 CE (5, 10). There 
is also the question, which is still under debate, 
of whether it is helpful to formalize the Anthro- 
pocene or better to leave it as an informal, albeit 
solidly founded, geological time term, as the Pre- 
cambrian and Tertiary currently are (95). This is a 
complex question, in part because, quite unlike 
other subdivisions of geological time, the impli- 
cations of formalizing the Anthropocene reach 
well beyond the geological community. Not only 
would this represent the first instance of a new 
epoch having been witnessed firsthand by ad- 
vanced human societies, it would be one stem- 
ming from the consequences of their own doing. 
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Gating of hippocampal activity, 
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cortex long-range inhibition 
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INTRODUCTION: The precise association of 
contextual cues with a behavioral experience 
enables an animal to discriminate between sa- 
lient (harmful or rewarding) versus neutral en- 
vironments. What signaling mechanisms during 
learning help select specific contextual signals to 
be stored as long-term memories? Hippocampal 
CAI pyramidal neurons integrate di- 
rect multisensory excitatory input 
from entorhinal cortex (EC) with in- 
direct, mnemonic excitatory input 


contextual fear conditioning (CFC) and novel 
object recognition (NOR) tasks. We also used 
in vivo Ca?* imaging to assess how different 
sensory and behavioral stimuli that typically 
make up a contextual experience activate the 
LEC LRIPs. Finally, we examined how the 
LRIPs influence information flow through 


from the upstream hippocampal CA3 a. 


area, and both pathways have been 
implicated in memory storage. Paired 
activation of the direct and indirect 
inputs at a precise timing interval 
that matches the dynamics of the 
cortico-hippocampal circuit induces 
a long-term enhancement of the ac- 
tivation of CA1 neurons by their CA3 
inputs (input timing-dependent plas- 
ticity or ITDP). However, EC addi- 
tionally sends long-range inhibitory 


CA3 


the cortico-hippocampal circuit and contrib- 
ute to ITDP. 


RESULTS: LRIPs from LEC produced strong in- 
hibitory postsynaptic potentials in a large frac- 
tion of CAI interneurons located in the region 

of the EC inputs. Although 
pharmacogenetic silenc- 
Read the full article 148 Of LRIPs in hippocam- 
at http://dx.doi. pus did not prevent CFC 
org/10.1126/ or NOR memory, it caused 
science.aaa5694 mice to show an inappro- 
priate fear response to a 
neutral context and a diminished ability to dis- 
tinguish a novel object from a familiar object. 
Calcium imaging revealed that the LRIP axons 
and presynaptic terminals responded to various 
sensory stimuli. Moreover, pairing such signals 
with appetitive or aversive stimuli increased 
LRIP activity, consistent with a role of the LRIPs 
in memory specificity. 

Intracellular recordings demonstrated that 
the LRIPs powerfully suppressed the activity 
of a subclass of cholecystokinin- 
expressing interneurons (CCK* INs). 
These interneurons were normally 
strongly excited by the CA3 inputs, 
which results in pronounced feedfor- 
ward inhibition (FFI) of CA1 pyram- 
idal neuron dendrites. By transiently 
and maximally suppressing the INs 
in a 15- to 20-ms temporal window, 
the LRIPs enhanced CA3 inputs on- 
to CA1 pyramidal neurons that ar- 
rived within that timing interval. 
This disinhibition enabled tempo- 
rally precise, paired activation of 
EC-Schaffer collateral (EC-SC) in- 
puts (15 to 20 ms apart) to trigger 


projections (LRIPs) to CAI, the func- | 10 mV dendritic spikes in the distal den- 
tion of which is largely unknown. drites of CA1 PNs and to induce 
Here, we explore the role of the LRIPs V. a ITDP. 
in regulating hippocampal synaptic : r ‘ ie i ccambeaind 

ivi CONCLUSION: ct 
ee ine nee EC SC EC SC SC as a powerful, eee. a 
RATIONALE: GABAergic neurons in Time a ae See a disinhibitory gate of intrahippo- 

20 ms 10s >lhr 


medial entorhinal cortex (MEC) were 
recently found to send to hippo- _ Long-range inhibitory projections gate cortico-hippocampal infor- 
campus LRIPs that form relatively mation flow in the short and long term. (Top) The cortico-hippocampal 
weak and sparse synapses on CA1 circuit. Inputs from EC arrive at CAI] directly through excitatory perforant 
GABAergic interneurons, those that — path (PP) and LRIPs and indirectly through SCs of the trisynaptic path 
are potentiated by y-aminobutyric [dentate gyrus (DG)>CA3-CAI]. (Bottom) Recordings from different 
acid (GABA). As lateral entorhinal cor- EC LRIP+CAI circuit elements. (Top left) A CA1 IN that normally inhibits 
tex (LEC) conveys important contex- —_ the pyramidal neuron (PN) dendrite is inhibited maximally by LRIP (blue, 
tual and object-related information —_LRIP intact) 20 ms after EC stimulation (dotted guide lines). (Bottom 
to hippocampus, we examined wheth- __ left) This disinhibits the PN dendritic depolarization evoked by a SC input 
er this region also sends LRIPstoCAl. = arriving 20 ms after EC input. Multiple EC-SC pairings result in more 
We expressed channelrhodopsin-2 disinhibition (middle), which triggers dendritic Ca?* spikes (10x pairings 
(ChR2) selectively in LEC inhibitory for 10 s) and (right) induces somatic long-term plasticity (90x pairings 
neurons and examined the synap- _ for 90s) in the CA1 PN, where SC responses are potentiated for >1 hour. 
tic effects of LRIP photostimulation. _ LRIP silencing (red) decreases dendritic depolarization and spike prob- 
The behavioral impact of the LRIPs ability and blocks somatic plasticity. [Background from a plate by C. Golgi 
was determined by selectively silenc- —_ et al., 1886; text translated and republished with plates in Brain Res. Bull. 54, 
ing these inputs locallyin CAl during 461-483 (2001)] 


campal information flow and en- 
able the induction of plasticity when 
cortical and hippocampal inputs 
arrive onto CA1 PNs at a precise 
20-ms interval. We propose that 
the LRIPs increase the specificity of 
hippocampal-based long-term mem- 
ory by assessing the salience of 
mnemonic information relayed by 
CA3 to the immediate sensory con- 
text conveyed by direct excitatory 
EC inputs. 
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The cortico-hippocampal circuit is critical for storage of associational memories. Most studies 
have focused on the role in memory storage of the excitatory projections from entorhinal cortex to 
hippocampus. However, entorhinal cortex also sends inhibitory projections, whose role in memory 
storage and cortico-hippocampal activity remains largely unexplored. We found that these long- 
range inhibitory projections enhance the specificity of contextual and object memory encoding. 
At the circuit level, these y-aminobutyric acid (GABA)-releasing projections target hippocampal 
inhibitory neurons and thus act as a disinhibitory gate that transiently promotes the excitation of 
hippocampal CA1 pyramidal neurons by suppressing feedforward inhibition. This enhances the 
ability of CA1 pyramidal neurons to fire synaptically evoked dendritic spikes and to generate a 
temporally precise form of heterosynaptic plasticity. Long-range inhibition from entorhinal cortex 
may thus increase the precision of hippocampal-based long-term memory associations by 
assessing the salience of mnemonormation to the immediate sensory input. 


he cortico-hippocampal circuit mediates 

the encoding and storage of specific asso- 

ciative memories, in part, through long-term 

plastic changes at neural circuit synapses. 

Most studies to date have focused on the im- 
portance of excitatory projections from entorhinal 
cortex (EC) to hippocampal CA1 pyramidal neu- 
rons, which provide the principal output of hippo- 
campus (1-3). However, EC also sends long-range 
inhibitory projections (LRIPs) to the CA1 region 
of the hippocampus (4). At present, little is known 
about the role of these LRIPs in regulating hip- 
pocampal circuit operations, synaptic plasticity, 
or memory storage. 

Excitatory glutamatergic input to the CAI re- 
gion arrives from EC through both a direct and 
an indirect pathway (5). In the indirect, or tri- 
synaptic, path, EC LII stellate cells excite dentate 
gyrus granule cells, which excite CA3 pyramidal 
neurons. The Schaffer collateral (SC) axons of 
CA3 pyramidal neurons provide strong excitatory 
drive onto CA1 pyramidal neurons by forming 
synapses on CAI apical dendrites in stratum ra- 
diatum (SR), relatively close to the soma. EC LII (3) 
and LIII (6) pyramidal neuron axons provide di- 
rect, but weak, excitatory drive by forming synapses 
on regions of the CAl pyramidal neuron apical 
dendrites located in stratum lacunosum moleculare 
(SLM), very far from the soma. Both indirect and 
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direct inputs also recruit strong feedforward inhi- 
bition (FFD that normally limits CA1 excitation (7). 

Previous studies have demonstrated that coor- 
dinated activation of the direct and trisynaptic 
inputs to CAl pyramidal neurons enhances the 
propagation of excitatory postsynaptic potentials 
(EPSPs) along the pyramidal neuron apical den- 
drites (8), enables the firing of dendritic spikes 
and bursts of action potential output (9), induces 
a robust and temporally precise form of hetero- 
synaptic plasticity (termed input timing-dependent 
plasticity or ITDP) (0, 11), and leads to de novo 
place-cell firing (12). However, the contribution 
of the LRIPs to cortico-hippocampal activity has 
not been previously investigated. Here, we have 
characterized the activity of the LRIPs in vivo, 
analyzed their role in long-term memory storage, 
and investigated their function in regulating the 
effects of paired EC and CA3 input, in particular 
CAI pyramidal neuron synaptic activation, den- 
dritic spike firing, and the induction of hetero- 
synaptic plasticity. 


Lateral EC provides direct GABAergic 
inhibition to local CA1 interneurons 


LRIPs from superficial layers of medial entorhinal 
cortex (MEC), an area that encodes spatial in- 
formation (13, 14), form synapses with inhibitory 
neurons (INs) located near the SR-SLM border 
of the CAI region (4). However, the LRIPs from 
MEC are sparse and generate relatively weak 
inhibitory postsynaptic currents (IPSCs) in the CA1 
INs (4). To determine whether lateral entorhinal 
cortex (LEC), which conveys multimodal non- 
spatial sensory information to hippocampus (15), 
sends a more potent inhibitory projection to 
CAI INs, we injected recombinant Cre-dependent 


adeno-associated viral vectors (rAAV™) into LEC 
or MEC to label the LRIPs and to achieve opto- 
genetic control of their activity. To restrict ex- 
pression to INs, viral injections were performed 
by using a pan y-aminobutyric acid (GABA)- 
releasing or GABAergic Cre-driver mouse line 
[GAD2-Cre mice (16)] (Fig. 1A and fig. S1). 

Injections of two separate rAAV™ vectors were 
used to express tdTomato in LEC and green fluo- 
rescent protein (GFP) in MEC. In contrast to the 
relatively weak and sparse inhibitory projections 
from MEC (4), LEC sent dense projections to CA1 
(Fig. 1, B to E, and fig. S1) that covered twice the 
area in CAI (82.05 + 3.64%) as do the LRIPs from 
MEC (37.79 + 2.35%; P < 0.0001, two-tailed ¢ test, 
n = 5 mice) (fig. S2). Similar to their glutamatergic 
counterparts, LRIPs from MEC differentially tar- 
geted CAI along its transverse, proximal-distal 
axis, with denser projections to proximal re- 
gions of CAI (i.e., those closer to CA2) (fig. $2). 
In contrast to the preferential targeting of LEC 
excitatory inputs to distal CA1 (closer to subic- 
ulum), LRIPs from LEC were distributed fairly 
uniformly along the proximal-distal axis of CA1 
with also a small, but significant, bias toward 
the proximal side (figs. S2 and S6). 

To examine the functional impact of these in- 
puts, we injected an rAAV™ vector in LEC or MEC 
of GAD2-Cre mice, which enabled us to express 
light-sensitive cation channel channelrhodopsin-2 
fused with enhanced yellow fluorescent protein 
(ChR2-EYFP) (17) selectively in GABAergic neurons 
in either region. Photostimulation of ChR2-EYFP* 
GABAergic axons from LEC in the CA1 SLM re- 
gion in hippocampal slices (Fig. 1C) evoked large 
inhibitory postsynaptic currents (IPSCs) in CA1 
interneurons located in the SR/SLM border re- 
gion voltage-clamped to +10 mV (139 + 24.8 pA, n = 
17 responsive cells) (Fig. 1, F and G, and fig. S3). 
In contrast, the amplitude of IPSCs evoked by 
photostimulation of ChR2-EYFP* MEC LRIPs was 
only one-fourth as large (37.7 + 4.5 pA, n = 11 re- 
sponsive cells; P < 0.005, ¢ test) (Fig. 1, F and G). 
Moreover, a greater fraction of SR-SLM border 
INs responded to photostimulation of LEC LRIPs 
(53.4%) compared with MEC LRIPs (32.4%) (fig. S3B). 

These synaptic currents were eliminated by 
GABA, types A and B (GABA, and GABAg) recep- 
tor blockers 6-imino-3-(4-methoxyphenyl)-1(6H)- 
pyridazinebutanoic acid hydrobromide, SR 95531 
(2 uM), and [S-(R*,R*)]-[3-[[1-(3,4-dichlorophenyl) 
ethyl ]Jamino]-2-hydroxypropyl](cyclohexylmethyl) 
phosphinic acid, CGP 54626 hydrochloride (1 uM) 
[hereafter, CGP 54626], respectively, but were unal- 
tered by blockade of «-amino-3-hydroxy-5-methy1-4- 
isoxazolepropionic acid AMPA-type glutamate recep- 
tors with [2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo 
[f]quinoxaline-7-sulfonamide, NBQX (10 uM)], which 
indicated that the responses represented direct 
IPSCs generated by GABA release from the LRIPs 
(Fig. 1F and fig. S3C). We failed to detect any EPSPs 
in CA1 SR-SLM INs when we photostimulated ChR2- 
YFP* LEC axons under current clamp conditions 
with the INs held at an initial membrane potential 
of -68 mV (fig. S3D), which indicated that the 
rAAV“ vector resulted in the selective expression 
of ChR2 in LEC GABAergic neurons. 
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Fig. 1. LEC provides strong long-range GABAergic inputs to local CA1 inhibitory neurons. (A) LEC 
and MEC viral injection sites (in green) and their hippocampal target (HC, in gray). (B) TdTomato-labeled 
(magenta) and GFP-labeled (green) axons in SLM of CA1 from LEC and MEC Gad2-Cre* LRIPs, respec- 
tively. 4’,6-diamidino-2-phenylindole (DAPI) stain in blue. The strata of hippocampal CAI and dentate gyrus 
(DG): SP, stratum pyramidalis signifies pyramidal neuron (PN) cell body layer; SR, stratum radiatum where 
SC inputs arrive; SLM, stratum lacunosum moleculare where EC inputs arrive; and in DG, ML, molecular 
layer, and GCL, granule cell layer. (©) Scheme of experiment to functionally map impact of LRIPs from LEC 
or MEC on CA1INs at SR-SLM border. ChR2-EYFP was virally expressed in GABAergic neurons in the LEC or 
MEC by using rAAVC® injections in Gad2-Cre mice. Patch-clamp recordings obtained from a CA1 IN (red) at 
the border of SR-SLM that targets the CAl PN dendrite (light blue). A 470-nm laser light focused on SLM 
photostimulated ChR2* LRIPs (green). (D) A 20x confocal image of ChR2-EYFP* LRIP axons from LEC 
(green) in hippocampus from Gad2-Cre mouse. DAPI staining in blue. (E) These 63x confocal images show 
ChR2-EYFP* LRIP axons from LEC (green) in CAl SLM region impinging upon tdTomato* IN soma 
(magenta). (F) Light-evoked IPSCs recorded from CA1 SR-SLM INs in normal extracellular solution (control, 
blue) and in the presence of AMPA-type glutamate receptor blocker (10 uM NBQX, green trace) or GABA 
receptor antagonists (2 uM SR95531 and 1 uM CGP 55845, red trace); see fig. S1 for statistics. (G@) Bar 
(mean + SEM) and scatter (individual cells) plot of the light-evoked IPSCs (pA, Vin = +10 mV) from 
responsive CAl SR-SLM INs with ChR2 expressed in LEC (magenta, 139 + 24.8 pA, n =17) or MEC (green, 
377 + 4.5 pA, n = 11; P < 0.005, t test, LEC LRIP versus MEC LRIP). 


LRIPs regulate the precision of 

memory storage 

As LEC conveys nonspatial contextual informa- 
tion, we reasoned that the LRIP inputs may be 
important for nonspatial forms of learning, in- 
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cluding contextual fear conditioning (CFC) (78), 
a hippocampus-dependent form of memory. We 
therefore examined the effect of silencing the 
LRIPs on CFC using the engineered ligand-gated 
glycine receptor (GlyR), PSAM (pharmacogeneti- 


cally selective actuator module), which powerfully 
inhibits neural activity upon binding its cognate 
synthetic ligand PSEM®” (pharmacogenetically 
selective effector module) (17, 19). To selectively 
silence the LEC LRIPs in CA1 without altering 
inhibition in EC, we implanted bilateral cannulae 
to locally infuse PSEM (15 uM, PSEM®"*) in dorsal 
CA1 of Gad2-Cre mice expressing either GFP 
(control) or PSAM (test) as a result of rAAV“° 
injections in LEC (Fig. 2, A and B, and figs. S4 
and S5). We verified that the local drug infusion 
selectively targeted LRIPs in hippocampus and 
spared EC by examining the distribution of the 
dye miniRuby (5%), which was present in the PPEM 
infusate (fig. $4, S5). PSEM®°8 infusion did not 
alter locomotor activity or cause anxiety-like be- 
havior, which indicated that the drug infusion 
did not have significant adverse effects (fig. S7). 

To test if the LRIPs were required for CFC, we 
infused PSEM just before the training phase on 
day 1 of the CFC task, in which the mice were 
placed in a novel context A for 2.5 min, followed 
by a brief, aversive foot shock (Fig. 2C) (see Ma- 
terials and Methods below) (20). When placed 
in the training environment (context A) 24 hours 
after training (day 2, no PSEM present), the con- 
trol (GFP-expressing) group demonstrated fear 
learning, as assessed by increased freezing be- 
havior (Fig. 2D). However, rather than inhibiting 
CFC, silencing of the LEC LRIPs during training 
on day 1 significantly increased freezing on day 2 
in context A [37.7 + 2.3%, GFP, n = 9; 53.23 + 
2.7%, PSAM, n = 7; P < 0.0001, two-way analysis of 
variance (ANOVA); P < 0.001, ¢ test, two-tailed paired 
by time) (Fig. 2D), which demonstrated that the 
LRIPs were not necessary for contextual learning. 

However, when we exposed the mice on day 3 
of the task to a novel context B, designed to be 
readily distinguishable from context A, the two 
groups of mice showed a revealing difference. 
Whereas the control mice did not freeze in the 
novel context, reflecting the normal specificity of 
CFC to the training context, the PSAM-expressing 
test group (where the LRIPs were only silenced 
during training in context A on day 1) exhibited a 
significant level of inappropriate freezing to the 
novel context (GFP: 5.1 + 3.9%, n = 9; PSAM: 21.1 + 
7.9%, n = 7; P < 0.02, two-way ANOVA; P < 0.05, 
two-tailed ¢ test paired by time) (Fig. 2D). The 
freezing to the novel context B in the test group 
was also significantly greater than the amount 
of freezing in context A before training (P < 
0.0002), which suggested that the freezing 
represented an inappropriately learned response 
that caused an overgeneralization of fear mem- 
ory. In contrast, the control group showed sim- 
ilar, low levels of freezing to context A on day 
1 and context B on day 3 (P > 0.5). Finally, the 
difference in fear learning was specific for 
hippocampus-dependent CFC and did not reflect 
a general increase in fear or anxiety because the 
two groups of mice displayed similar extents of 
amygdala-dependent cued fear conditioning to 
a tone paired with the foot shock (Fig. 2D). 

We next tested the importance of the LRIPs in 
a second nonspatial memory task, novel object 
recognition, using a version of the task that is 
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Fig. 2. Silencing LEC LRIPs in CAI alters both 
context and object recognition memory. (A) Dia- 
gram of the experimental design. Gad2-Cre mice 
were injected with AAV to express GFP or PSAM 
in LEC. PSEM and the dye mini Ruby (mRuby) were 
delivered bilaterally to the CA1 region just before 
the training phase of memory tasks. (B) Confocal 
image (5x) of coronal section from a Gad2-Cre 
mouse injected in LEC with an AAV°'-expressing 
PSAM-2A-GFP, showing expression of GFP (green) 
in LEC (DAPI in blue). (C) Scheme of CFC (see 
Materials and Methods). On day 1, mice were ex- 
posed to context A, then given a tone followed by 
footshock. On day 2, mice were reexposed to 
context A. On day 3, mice were exposed to novel 
context B, followed by a tone. PSEM was delivered 
just before training in mice expressing GFP (con- 
trol) or PSAM in LRIPs. (D) Bar plot (mean + SEM) 
of time spent freezing (GFP, green; PSAM, purple): 
day 1, in context A before (Ctx A) and after (CS+US) 
footshock; day 2, during recall testing in context A; 
day 3, in novel context B before (Ctx B) and after 
cued tone (day 3 CS). Two-way repeated-measures 
ANOVA revealed no significant difference between 
groups in freezing on day1 in context A (treat- 
ment x time Fe105 = 0.8055, P = 0.5679; treatment 
F305 = 3.655, P = 0.0586; time Fe, 105 = 8.583, P< 
0.0001). There was significantly greater freezing 
in PSAM versus GFP groups in context A on day 2 
(treatment x time Faag = 0.8918, P = 0.4761; 
treatment Fy2.4g = 5.069, P < 0.0001; time Fa.4g = 
11.75, P < 0.0001) and in context B (no tone) on 
day 3 (treatment x time F3,45 = 1.230, P = 0.3069; 
treatment Fis,45 = 2.246, P < 0.02; time F345 = 
53.01, P < 0.0001). The PSAM group also showed 
significantly greater freezing on day 3 in context B 
versus context A on day 1 before footshock (treat- 
ment Fi224 = 5.332; time F224 = 19.76; P < 0.0002). 
The GFP control group showed no significant dif- 
ference in freezing in context A on day 1 versus 
context B on day 3 [treatment Figig = 0.4932; 
time Foig = 12.84; P = 0.928, not significant (n.s.)]. 
(E) Schematic of experiment to test effect of 
silencing LEC LRIPs on NOR. Mice were exposed 
to two objects in training trials 1 and 2, followed by 
a test trial in which one (now familiar or “old”) 
object was replaced by a novel (“new”) object. 
Before training, mice were infused with 0.5 ul of 
either 15 uM PSEM®° plus miniRuby (silenced group, 
+ PSEM) or miniRuby alone (control). Both groups 
expressed PSAM in LEC. (F) Bar plots of time 
spent with familiar (old) versus novel (new) object 
in test trial. The PSEM-treated group explored the 
old object for 49.4 + 3.6 s (P < 0.005 versus 
control) and the new object for 86.4 + 7.5 s (n= 6; 
P < 0.05, new versus old object, paired t test). 
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(G) The discrimination index, calculated as [(time spent exploring the new object) — (time spent exploring old object)]/(total exploration time), was significantly 
greater in control versus PSEM-treated mice (P < 0.05, paired t test). 


hippocampus-dependent (27-25) (Fig. 2E). Mice 
were exposed to two objects during two 10-min 
training trials. After a 10-min delay, one of the 
now-familiar objects was substituted with a 
novel object, and the time spent exploring the 
novel versus familiar object was determined. The 
control group explored the old object for 25.6 + 
4.3 s and the new object for 66.3 + 13.5 s (n = 6; 
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P < 0.05, paired ¢ test), which indicated object 
recognition memory. Similar to CFC, the LRIPs 
were not required for object memory storage as 
mice treated with PSEM during the training 
trials explored the novel object for a significantly 
longer time (86.4 + 7.5 s) than they explored the 
familiar object (49.4 + 3.6 s; n = 6; P < 0.05, 
paired ¢ test) (Fig. 2F). However, the LRIPs were 


8 JANUARY 2016 * VOL 351 ISSUE 6269 


required for optimal memory storage, as the de- 
gree of memory performance, measured by the 
discrimination index for the two objects (Fig. 2G, 
see legend), was significantly greater for control 
(0.52 + 0.06; n = 6) than for PSEM-treated mice 
(0.29 + 0.06; n = 6; P < 0.05, paired ¢ test). PSEM 
treatment also decreased the habituation that 
mice normally show to the objects during the 
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rAAVo™ GCaMP-6f, LEC 
Gad2-Cre/Ai14 mouse 
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We 


Fig. 3. Functional imaging of sensory coding in LEC LRIPs present in 
SLM of CAI. (A) Diagram of in vivo imaging experiment. GCaMP6f was expressed 
in dorsal LEC, by injecting Cre-dependent rAAV in Gad2-Cre/Ai 14 mice that also 
expressed tdTomato in all GABAergic neurons. A 40x water immersion objective 
was used for two-photon imaging through a cranial window over CAI in head-fixed 
awake mice during multimodal sensory and behavioral stimuli presentation. 
B) Four examples of time-averaged images of GCaMP6f fluorescence in LEC 
LRIP axons in SLM (green) with tdTomato labeling CA1 interneurons (magenta). 
C) Experimental design of single-stimulus protocol. Imaging was performed in 
blocks of four trials, each 40 s in duration. After a 10 + 3 s baseline, one of four 
types of stimuli—aversive air puff (A), water drop (W), tone (T), or light (L)—was 
presented in random order for 200 ms, except the water drop was limited to 
50 ms to prevent satiation. Each block was repeated to obtain at least five trials 
per stimulus. The animal's behavioral response (running and licking) was 
monitored. AF/F traces showing increased Ca** signal in a single bouton on an 
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LRIP axon in response to air puff. (D) Mean (+ SEM) AF/F Ca?* signal (PSTH) 
from responsive ROIs to indicated stimuli. (E) Percentage of responsive boutons 
to the stimuli (air = 22.92%, water = 11.96%, tone = 13.64%, and light = 5.65%). 
(F) Scatter and mean (+ SEM) plots of AF/F signals from individual responsive 
boutons (air = 0.55 + 0.05, n = 68; water = 0.58 + 0.07, n = 35; tone = 0.37 + 
0.03, n = 37; light = 0.23 + 0.02, n = 18). (G) Experimental protocol: Imaging was 
performed as described above, but in response to pairs of stimuli, presented in 
blocks of 10 trials, each 40 s long. Stimuli were randomized and paired stimuli 
were interleaved with single stimulus presentations. (H) Mean (+ SEM) AF/F Ca?* 
signal (PSTH) from responsive ROIs to paired stimuli. () Percentage of responsive 
boutons for paired stimuli (A+T = 32.8%; A+L = 45.3%; A+W = 254%; W+T = 
13.3%; W+L = 15.6%; T+L = 14.1%). (J) Scatter and mean (+ SEM) plots of AF/F 
signals to paired stimuli from individual responsive boutons (A+T = 0.76 + 0.07, 
n= 44; A+L = 0.74 + 0.05, n = 58; A+W = 0.34 + 0.03, n = 31; W+T = 0.48 + 
0.09, n = 17; W+L = 0.49 + 0.04; T+L = 0.41 + 0.045, n = 18). 
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second of the two training trials (fig. S7) (P < 0.005). 
Thus, although the LRIPs were not necessary for 
memory storage in two separate hippocampus- 
dependent nonspatial memory tasks, these inputs 
were important for enhancing the specificity of 
memory associations in performance of the two 
tasks. 


LEC GABAergic inputs to CA1 are 
activated by sensory, motivational, and 
aversive stimuli in vivo 

To explore how the LRIPs encode signals that 
might contribute to performance of nonspatial 
memory tasks, we used Ca* imaging to examine 
the responses of these inputs to a variety of sen- 
sory cues. We injected rAAV“ in LEC of GAD2- 
Cre mice to express the genetically encoded Ca”* 


20 pin 


PSAM GlyR / ChR2-EGFP+ 
GABAergic neurons of EC 


indicator GCaMP6f (26) in GABAergic neurons. 
In vivo two-photon microscopy was then used to 
image Ca?" signals in LRIP axons and axon ter- 
minals in the CA1 SLM region in response to a 
light stimulus, tone, aversive air puff, or water 
reward (Fig. 3, A to C) as described (27, 28). 

The sensory and behaviorally relevant stimuli 
elicited transient Ca?* signals in LRIP axons and 
presynaptic boutons (Fig. 3, D to F), with the 
aversive air puff eliciting the largest increase in 
fluorescence intensity relative to the resting flu- 
orescence intensity (AF/F = 0.55 + 0.05) and 
greatest percentage of responsive boutons (22.9%). 
This result is of interest, as the aversive air puff is 
capable of serving as the unconditioned stimulus 
in a head-fixed CFC protocol (28). Water reward 
elicited a comparable Ca?* signal in responsive 
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boutons (AF/F = 0.58 + 0.07) (movie S1), but only 
half as many boutons responded (11.9%) as com- 
pared with the response to the air puff. 

As environmental contexts are composed of 
multisensory modalities, we also examined LRIP 
responses to pairs of stimuli (Fig. 3G). Paired 
stimuli tended to evoke larger Ca?* responses 
in a greater fraction of boutons than did single 
stimuli. Pairing tone or light with air puff led to a 
1.4-, 2.0-, and 3.2-fold greater Ca* response than 
when air puff, tone, or light were presented alone, 
respectively, with a 2- to 8-fold increase in the 
fraction of active boutons (Fig. 3, H to J). Where- 
as individual boutons usually responded to at 
most one or two of the four individual stimuli, 
collectively the LRIPs were able to represent 
the four sensory modalities examined (fig. S8D). 


Fig. 4. CCK IN excitation and spike firing is 
suppressed 15 to 20 ms after LRIP activation. 
(A) Confocal projection image (left) showing CCK* 
(GFP, green), PV* (immunostained, magenta), and 
SOM* (immunostained, blue) IN soma in a hippo- 
campal section from a CCK-Cre/DLX-Flpe/RCE 
dual-reporter mouse. Note abundant GFP* CCK IN 
soma at the SR-SLM border (arrowhead). (B) Z-axis 
projection image (right) of aGFP* CCK IN at SR-SLM 
border filled with neurobiotin-Alexa 555 (white). 
(C) Zoomed in image of IN in (B), showing GFP (top) 
and Alexa 555-neurobiotin (middle) colabeling (bot- 
tom, yellow). Scale bar, 10 um. (D to F) Whole-cell 
voltage recordings from IN in (B) and (C). (D) Spike 
firing and voltage sag in response to 700-ms, 200 pA 
depolarizing and hyperpolarizing current steps, 
respectively. (E) Depolarizing PSP evoked by SC 
stimulation. (F) Mixed depolarizing and hyper- 
polarizing PSP evoked by EC stimulation (black). 
Bath application of NBQX (10 uM) and D-APV 
(100 uM) blocked the depolarization but not the 
hyperpolarization (green trace). (G) A 63x projec- 
tion image of PSAM (a-bungarotoxin Alexa 647, 
blue) and ChR2-EGFP (green) showing coexpres- 
sion in ~75% of EC INs in horizontal brain section 
from a Gad2-Cre mouse injected in LEC and MEC 
with rAAVC'®. (H) Experimental scheme showing 
whole-cell recording from a CAl SR-SLM IN with 
photostimulation of LRIPs or electrical activation of 
EC inputs. (1) Voltage-clamped IPSCs (at +10 mV) 
from CCK* IN (verified by post hoc staining) evoked 
by photostimulation of LRIPs in the absence (blue 
trace) or presence (red trace) of PSEM (3 uM). 
(J) Voltage responses in CA1 IN evoked by elec- 
trical stimulation of EC (top) or SC (bottom) inputs 
in the absence (control, blue trace) or presence (red 
trace) of PSEM. (K) Voltage responses of CA1 
SR-SLM IN to paired electrical stimulation of EC 
and SC inputs (20-ms delay) in the absence (blue 
trace) or presence (red trace) of PSEM. (L) Mean 
probability of SR-SLM IN spike firing (percent of 
stimuli eliciting a spike +SEM) in response to paired 
EC-SC stimulation as a function of pairing interval 
in the absence and presence of PSEM (spike proba- 
bility with -20-ms EC-SC pairing: control = 18 + 4%; 
PSEM = 70 + 10%; P < 0.005, n = 7). 
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Moreover, the probability that a single bouton 
responded to three distinct pairs of stimuli was 
higher than predicted from a random, independent 
distribution of boutons based on the measured 
response to individual pairs of stimuli. Thus, a 
subpopulation of LRIPs may be specifically tuned 
to encode multimodal sensory cues, similar to 
what constitutes a behavioral context. 

Spontaneous motor behaviors, such as spon- 
taneous running and licking, also elicited Ca?* 
responses in the LRIPs (fig. SSE). Although the 
aversive air puff typically elicited a running re- 
sponse, the air puff recruited a greater fraction of 
boutons and evoked a larger Ca?* signal com- 
pared with that seen with spontaneous running. 
This indicates a specific sensory contribution to 
the air-puff response. Furthermore, LRIP boutons 
that made apparent contacts on dendrites had 
larger Ca?* responses than did boutons that 
targeted SR-SLM interneuron somata (fig. S8, F 
and G). 

We wondered why different boutons showed 
such diverse responses to different stimuli. One 
clue came from the finding that boutons along a 
single axon responded more uniformly to a set of 
sensory cues than did neighboring boutons from 
different axonal fibers (fig. S8, H and I). This 
indicated that the variability in bouton response 
was likely not caused by random trial-to-trial 
variability but rather resulted from the specific 
tuning of individual LRIP axons to distinct com- 
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binations of sensory and behavioral cues. This 
finding is consistent with the idea that these in- 
puts are important for regulating nonspatial con- 
textual and object memory. 


LRIPs from LEC transiently inhibit spike 
output of local CA1 dendrite-targeting 
feedforward inhibitory neurons 


How do the long-range GABAergic projections 
influence information flow through the cortico- 
hippocampal circuit to regulate memory storage? 
We began to investigate this question by perform- 
ing whole-cell recordings from cholecystokinin- 
positive (CCK*) SR-SLM interneurons, which 
represent a large fraction of the SR-SLM border 
INs targeted by the LRIPs (fig. S9). Moreover, the 
CCK" INs receive strong excitatory drive from 
the SCs and send strong inhibitory output to CA1 
pyramidal neuron dendrites (11, 29, 30). 

To determine how the CCK* INs integrate 
their cortical and hippocampal inputs, we elec- 
trically stimulated the SC axons (using an elec- 
trode in SR) or a mixed population of excitatory 
and inhibitory EC axons (using an electrode in 
SLM). We then recorded the synaptic responses 
in genetically defined CCK* SR-SLM INs tagged 
with GFP (11, 16) (Fig. 4, A to C). These neurons 
displayed a large voltage sag in response to 
hyperpolarization and an intermediate firing 
pattern, characteristic of CCK* INs (29, 31-33) 
(Fig. 4D). 
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SC stimulation elicited a strongly depolarizing 
PSP in the CCK* INs, with a peak amplitude of 
9.83 + 0.17 mV at 50% maximal stimulation 
strength (Fig. 4E). In contrast, EC stimulation 
evoked a mixed EPSP-IPSP (inhibitory post- 
synaptic potential peak depolarization of 0.79 + 
0.34 mV) that was dominated by a large hyper- 
polarization, which reached its peak negative 
value (-5.59 + 0.17 mV, n = 7) ~20 ms after the 
stimulus (Fig. 4F). As we show below, the time 
course of the hyperpolarization imposes a pre- 
cise timing dependence for disinhibition, which 
regulates the timing of the induction of ITDP 
and the generation of dendritic spikes in response 
to paired stimulation of the EC and SC inputs. 
The EC-evoked IPSP was unaffected by blockers 
of glutamatergic transmission NBQX 10 uM and 
2-amino-5-phosphonovaleric acid (APV) 100 uM, 
which demonstrated that it resulted from direct 
activation of GABAergic axons rather than disyn- 
aptic FFI (Fig. 4F). 

To determine whether the electrically evoked 
IPSP in CA1 INs was caused by GABA release from 
the EC LRIPs, we silenced these projections using 
the PSAM-PSEM approach (Fig. 4, G and H). Two 
independent rAAV“° vectors expressing ChR2 
and PSAM were injected into LEC and MEC of 
Gad2-Cre mice (Fig. 4G). The light-evoked IPSC 
recorded from SR-SLM INs was fully blocked by 
local bath application of 3 to 5 wM PSEM?°% 
(IPSC = 0.013 + 0.04 pA, n = 11), which verified 
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Fig. 5. LRIPs suppress SC-evoked FFI from CCK* SR-SLM INs. (A) Con- 
focal projection image of a CA1 PN filled with Alexa 594 (red) in a slice where 
CCK* INs expressed ChR2-EGFP (green). Blue circle represents the perim- 
eter of 470-nm light stimulus. (B) Experimental scheme depicting somatic 
recording from a CAI1 PN (red); electrical stimulation of EC inputs in SLM was 
paired at variable delays with photostimulation of CCK* INs. (C) IPSCs evoked 
by photostimulation of CCK* INs (hv) recorded from soma of a voltage-clamped 
CA1 PN (+10 mv) during paired electrical stimulation of EC inputs (arrow) at 
0, 10-, 20-, 30-, and 40-ms delays. (D) IPSCs in CAl PNs evoked by electrical 
stimulation of EC inputs and photostimulation of CCK* INs. Gray trace (ChR2 
only), CAl PN IPSC evoked by photostimulation of CCK* IN. Black trace (EC), 
CAI PN IPSC evoked by electrical stimulation of EC input. Blue trace (EC+ChR2), 
net IPSC evoked by pairing EC electrical stimulation with photostimulation 


aaa5694-6 8 JANUARY 2016 » VOL 351 ISSUE 6269 


of CCK* IN (20-ms delay). Red trace (difference), inferred CCK* IN IPSC 
evoked when EC electrical stimulation preceded photostimulation of CCK* 
IN by 20 ms. Trace obtained by subtracting EC-evoked IPSC (black trace) 
from IPSC evoked during paired stimulation (blue trace). (E) Effect of 
pairing interval on EC-dependent suppression of IPSC evoked by photo- 
stimulation of CCK* INs or PV* INs. Mean (SEM) amplitude of photostimulation- 
evoked IPSC during pairing with EC stimulation [measured as in (D)] 
normalized by photostimulated IPSC amplitude in the absence of EC stim- 
ulation, plotted versus pairing interval. ChR2-EGFP expressed in either 
PV* INs (magenta, 1.01 + 0.03-fold change at -20-ms pairing interval, P = 
0.3319, paired two-tailed t test, n = 5) or CCK* INs (green, 0.76 + 0.03-fold 
decrease in IPSC at —20-ms pairing interval, P< 0.001 paired two-tailed t test, n 
= 9). 
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the efficacy of this method (Fig. 41). Silencing the 
LRIPs nearly abolished the hyperpolarizing 
component of the mixed PSP evoked by electrical 
stimulation (peak negative value reduced to -0.29 + 
0.21 mV, 7 = 7), whereas it increased the peak de- 
polarization during the PSP (to 4.79 + 0.79 mV), 
which demonstrated the importance of this pro- 
jection. PSEM caused no change in the PSP evoked 
by electrical stimulation of the SC axons in SR (Fig. 
4J), which indicated the specificity of the approach. 

Does LRIP activation affect action potential 
output of the SR-SLM INs in response to paired 
stimulation of their EC and SC inputs? Electri- 
cal stimulation of the EC pathway alone failed 
to trigger spike firing (Fig. 4K), consistent with 
the weak depolarizing phase of the mixed EPSP- 
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IPSP response (Fig. 4F). In contrast, moderately 
strong stimulation of the SC pathway alone (50 nA 
stimulus current injection) elicited a large de- 
polarizing PSP that triggered a spike in SR-SLM 
INs with >50% probability (Fig. 4L). However, 
when the SC stimulus was preceded by a stimu- 
lus to the EC inputs that occurred 15 to 20 ms 
before stimulation of the SC inputs, the ability of 
the SC inputs to trigger action potentials in the 
SR-SLM INs was suppressed (Fig. 4, K and L). 
The timing dependence of spike suppression 
(Fig. 4L) coincided with the maximal hyper- 
polarization of the SR-SLM INs in response to EC 
stimulation, which suggested that the suppres- 
sion of spike firing was mediated by the activa- 
tion of the LRIP inputs. Consistent with this idea, 
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silencing the LRIPs with PSAM-PSEM prevented 
the suppression of spike firing upon electrical 
stimulation of the EC inputs (Fig. 4, K and L). 


LRIPs provide a temporally precise 
gate of hippocampal input to CA1 
pyramidal neurons 


What are the consequences of the LRIP-mediated 
suppression of SR-SLM IN firing for the activity 
of CA1 pyramidal neurons? To examine this ques- 
tion, we virally expressed ChR2 in CCK* INs in 
the CA1 SR/SLM region and measured the light- 
evoked IPSC in CA1 pyramidal neurons voltage- 
clamped at +10 mV (Fig. 5, A and B). Photo- 
stimulation of the CCK* INs with a light pulse 
focused in SR produced a robust IPSC in the 
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Fig. 6. LRIPs enhance CA1 pyramidal neuron dendritic depolarization in 
response to SC stimulation through disinhibition. (A) Experimental scheme 
for assessing the synaptic response in CAl PN dendrites to paired EC-SC 
electrical stimulation. Horizontal lines show approximate locations of EC and 
SC stimulation electrodes and dendritic recording pipette. (B) Dendritic voltage 
responses to paired EC-SC electrical stimulation at indicated delays (SC after 
EC), in the absence (left) or presence (right) of GABAR antagonists SR 95531 
(2 uM) and CGP 55845 (1 uM). Gray dashed line, amplitude of PSP evoked by 
SC stimulation alone. Red dashed line, predicted linear sum of PSPs evoked by 
EC and SC paired stimulation. (C) Summary plot (mean + SEM) of paired EC- 
SC peak PSP normalized by PSP evoked by SC stimulation alone recorded in 
CAI PN proximal dendrites. PSPs measured in the absence (blue squares) 
and presence (red circles) of GABAR blockers (EC-SC —20-ms pairing: with 
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inhibition intact, fold change = 1.35 + 0.02; with inhibition blocked, fold change 
= 1.08 + 0.03; P = 0.001, two-way ANOVA with Sidak multiple comparisons 
test, n = 5). (D) Experimental scheme to determine how silencing LRIPs 
(denoted by X) affects PSP in CAl PN distal dendrites during paired EC-SC 
stimulation. PSAM expressed in LEC GABAergic neurons in GAD2-Cre mouse 
with AAV“. (E) CA1 PN distal dendrite PSPs evoked by paired stimulation of 
EC-SC inputs at indicated intervals, first in the absence (left) and then the presence 
(right) of PSEM. (F) Mean (£ SEM) PSP amplitude recorded in CA1 PN distal 
dendrites evoked by paired EC-SC stimulation normalized by PSP evoked by SC 
stimulation alone, in the absence (blue squares) and presence (red circles) of 
PSEM. PSEM significantly reduced the effect of paired EC-SC stimulation at -20-ms 
delay to increase PSP size (control, 145 + 0.07-fold increase; PSEM, 1.04 + 0.07-fold 
increase; P < 0.001, two-way ANOVA with Sidak multiple comparisons test, n = 8). 
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CA1 pyramidal neuron soma (~250 um from the 
light spot). Electrical stimulation of the EC in- 
puts 20 ms before photostimulation significantly 
suppressed the light-evoked IPSC (to 75.6 + 2.7% 
of the unpaired light-evoked IPSC, n = 9; P< 
0.0001, two-way ANOVA) (Fig. 5, C to E), with 
little change at other pairing intervals. Electrical 
stimulation did not alter the light-evoked IPSC when 
ChR2-EYFP was expressed in PV" INs, regardless 
of pairing interval, which indicated the specificity 
of the effect. As ChR2 photostimulation provides 
an unusually strong excitatory drive compared with 
an action potential, the LRIPs are likely to produce an 
even greater suppression of the CCK* IN-mediated 
IPSP evoked by excitatory synaptic input. 

Does the suppression of CCK" IN firing by the 
LRIPs influence the ability of the EC or SC inputs 
to excite CAl pyramidal neurons? As the SR-SLM 
INs are known to target CAl pyramidal neuron 
apical dendrites, we addressed this question using 
whole-cell recordings from CA1 pyramidal neuron 
dendrites 150-300 um from the soma in SR during 
single or paired stimulation of the EC and SC 
inputs (Fig. 6). 

Stimulation of the SC input alone evoked a 
large depolarizing PSP in the proximal dendrite 
~150 um from the soma (4.48 + 0.57 mV, 7 = 5) 
(fig. S10). Stimulation of the EC input alone 
evoked only avery small dendritic depolarization 
(1.00 + 0.24 mV) (fig. S10). However, when we 
stimulated the EC input 20 ms before the SC in- 
put, we observed a supralinear boosting of dendritic 
depolarization (Fig. 6, B and C), which resulted 
in a net PSP that was 1.35 + 0.02 times the PSP 
evoked by stimulation of the SC pathway alone. 
This boost was significantly greater than the pre- 
dicted linear sum of 1.13 + 0.024-fold for the SC 
response alone (P < 0.05, ¢ test; 2 = 5). Paired EC-SC 
stimulation at the -20-ms interval was associ- 
ated with an even greater 2.2-fold increase in the 
postsynaptic Ca** transient evoked by SC stim- 
ulation in CA1 pyramidal neuron dendritic spines 
in SR, relative to the Ca?* transient elicited by SC 
input alone (fig. S10) (P < 0.001, ¢ test, m = 5). 

It was striking that the supralinear boosting 
was sharply tuned to the -20-ms pairing in- 
terval. Paired activation of EC and SC inputs at 
other intervals resulted in linear or sublinear 
summation (Fig. 6, B and C). Moreover, pairing 
at the -10-ms interval produced a significantly 
lower boosting in spine Ca?* compared with the 
-20-ms interval (1.3-fold, P < 0.0001, ttest, 2 = 5). 

The timing dependence of the supralinear boost- 
ing of the CA1 pyramidal neuron PSP suggested 
to us that it might result from a disinhibitory 
action of the LRIPs to suppress SC-evoked FFI 
through the SR-SLM INs (Fig. 6D). We therefore 
compared the effect of paired EC-SC stimulation 
before and after application of GABA receptor 
channel antagonists (Fig. 6, B and C). Blockade 
of inhibition greatly increased the peak depolari- 
zation during the PSP evoked by stimulation of 
the EC and/or SC inputs, reflecting the removal 
of FFI (Fig. 6B and fig. S10, B and C). Of note, 
paired EC-SC stimulation produced only a linear 
or sublinear summation at all pairing intervals 
in the presence of the antagonists, consistent with 
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the view that supralinear summation was caused 
by disinhibition. For example, pairing at a -10-ms 
interval resulted in a net PSP 1.19 + 0.06 times 
that of the SC PSP alone and not significantly 
different from the linear sum of the EC+SC PSPs 
when stimulated independently (P = 0.238). In ad- 
dition, the peak of the paired response was shifted 
to the -10-ms pairing interval, which corresponds 
to the expected peak of temporal summation of 
the individual EC and SC EPSPs. 

Next, we tested directly whether the LRIPs 
were responsible for the supralinear boosting by 
recording PSPs in distal CA1 pyramidal neuron 
dendrites (300 um from the soma) in response to 
paired EC-SC stimulation, before and after silenc- 
ing the LRIPs (Fig. 6, D to F). We found that 
application of PSEM?°* (3 uM) to slices in which 
the LRIPs expressed PSAM fully prevented the 
supralinear boosting (Fig. 6, E and F). Thus, we 
propose that the EC LRIPs potentiate the ability 
of the SC inputs to excite CAl pyramidal neuron 
dendrites by suppressing SC-evoked feedforward 
inhibition mediated by the SR-SLM interneurons. 


Disinhibition through LEC LRIPs enables 
input timing—dependent plasticity and 
dendritic spike firing 

Given the behavioral role of the LRIPs in mem- 
ory storage, we asked whether these inputs may 
also contribute to more robust, longer-lasting 
forms of SC input gating than the transient boost- 
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ing of dendritic depolarization and spine Ca?* 
levels seen above. Paired EC-SC stimulation at 
1 Hz for 90 s induces a long-lasting form of 
heterosynaptic plasticity, termed input timing- 
dependent plasticity (ITDP) which strongly en- 
hances SC-evoked excitation of the CA1 pyramidal 
neuron through combined long-term potentia- 
tion of the SC EPSP and long-term depression of 
inhibition mediated by somatic-targeting CCK* 
basket cells (which are distinct from the CCK* 
SR/SLM INs) (JO, 17). As the induction of ITDP is 
finely tuned to the same -20-ms pairing interval 
optimal for LRIP-mediated disinhibition, we hy- 
pothesized that the LRIPs from EC may be re- 
quired for this plasticity. In support of this view, 
we found that silencing of PSAM-expressing LRIPs, 
either from LEC alone or from both LEC and MEC, 
with PSEM*® fully blocked the induction of ITDP 
(Fig. 7, A and B). 

The above results suggest that the induction of 
ITDP is normally suppressed by FFI evoked by 
SC stimulation and, thus, requires LRIP activa- 
tion to suppress this inhibition. This model would 
also explain how the induction of ITDP is finely 
tuned to the -20-ms pairing interval. This sce- 
nario predicts that robust ITDP may be induced 
over a broader range of intervals when EC-SC 
paired stimulation is given in the presence of 
GABAR antagonists, which would eliminate FFI 
at all pairing intervals. Consistent with this model, 
we found that the presence of GABAR blockers 
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Fig. 7. LEC LRIPs enable induction of ITDP in CA1 PNs. (A) Experimental scheme to assess role of 
LRIPs in ITDP. PSAM or GFP was expressed in GABAergic neurons in LEC alone or in both LEC and MEC. 
ITDP was induced by pairing EC-SC stimulation at 1 Hz for 90 s with a -20-ms delay. (B) Pairing protocol 
induces a 2.65 + 0.23-fold increase in the SC-evoked depolarization in the CAl PN soma (ITDP relative to 
baseline PSP) when PSEM is applied to slices expressing GFP in LEC GABAergic neurons (green, n = 5, P< 
0.0001, two-tailed t test, before versus after ITDP pairing). ITDP is absent when the pairing protocol is 
applied with PSEM present in slices expressing PSAM in GABAergic neurons in LEC alone (purple triangles, 
1.09 + 0.12-fold potentiation, n =4, P = 0.114, two-tailed t test before versus after ITDP pairing; P < 0.0001, 
two-tailed t test for ITDP with GFP versus PSAM in LEC). ITDP is also absent in the presence of PSEM when 
PSAM was expressed in both LEC and MEC (orange squares, 1.10 + 0.31-fold potentiation, n = 4, P= 0.189, 
two-tailed t test pre versus post ITDP pairing; P < 0.0001, two-tailed t test for ITDP with GFP versus PSAM 
in LEC+MEC). Peak PSP value normalized to value 5 min before ITDP induction. Mean fold potentiation 
obtained by averaging normalized PSP values during the 25- to 30-min period after ITDP induction. 
(C) ITDP tuning curve showing potentiation (mean + SEM) as a function of EC-SC pairing interval. Blue 
circles, with inhibition intact (-10-ms interval, 1.25 + 0.26-fold change, n = 4; —-20-ms interval, 2.74 + 0.18-fold 
change, n = 5; -30-ms interval, 1.03 + 0.19-fold change, n = 4). Red squares, ITDP with GABAR antagonists 
applied only during induction protocol (-10 ms, 2.41 + 0.15-fold change, n = 5; -20 ms, 3.15 + 0.55-fold 
change, n = 7; -30 ms, 2.8 + 0.67-fold change, n = 4). Inhibition blocked versus intact, no significant 
difference, P = 0.105 two way ANOVA —20, -10, and -30 ms comparison. 
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during the ITDP induction protocol alone enabled 
the induction of robust ITDP over a broader range 
of pairing intervals, from -10 to -30 ms (Fig. 71). 
This ITDP tuning curve now matched the ex- 
pected time course of temporal summation of 
the EC and SC EPSPs (J0). 

How could the relatively modest boosting by 
the LRIPs of the EC-SC synaptic depolarization 
lead to such a robust form of plasticity? Many 
forms of long-term synaptic plasticity that do not 
depend on somatic action potentials [such as 
ITDP (10, 11)] require the firing of dendritic 
spikes, which can enhance Ca”* influx into the 
postsynaptic cell (34, 35). Thus, we next exam- 
ined whether more prolonged EC-SC pairing, 
as used to induce ITDP, promoted dendritic 
spiking, using whole-cell recordings from distal 
CAI pyramidal neuron dendrites (>300 um from 
the soma) (Fig. 8A). 

Although single paired-EC-SC stimulation failed 
to elicit a dendritic spike, large regenerative 
spikes began to appear when we delivered 10 or 
more paired EC-SC stimuli at 1 Hz using a -20-ms 
interval (Fig. 8B). Event amplitude frequency his- 
tograms (Fig. 8C) showed three peaks, correspond- 
ing to subthreshold PSPs (~20 mV amplitude); 
small, brief action potentials (~40 mV) resembling 
dendritic Na* spikes (34, 36); and longer, larger 
events (~60 mV) resembling dendritic Ca?* spikes 
(34, 36, 37). Both types of spikes were preferen- 
tially generated at the -20-ms pairing interval 


Fig. 8. EC-SC pairing at -20-ms A 
interval induces dendritic spikes. 
(A) Image showing CAI PN filled with 
Alexa 594 during a distal dendritic 
recording. (B) Dendritic PSPs (blue), 
brief spikes (magenta), and long 
spikes (green) evoked by 10- to 30-s 
repetitive pairing of EC-SC inputs at 
1 Hz with -20- or -10-ms pairing 
intervals. During the first 5 to 

10 paired stimuli, only subthreshold 
PSPs (blue) were observed. Sub- 
threshold PSPs, brief spikes, and long 
spikes were then observed inter- 
spersed with subsequent paired 
stimuli. (C) Histograms of the peak 
dendritic voltage response evoked by 
a train of 30 paired EC-SC stimuli at 
1 Hz, by using a —-20-ms (black open 
bars) or -10-ms (gray filled bars) 
pairing interval (P < 0.005, t test 
within cell comparisons for —-20 ms 
vs -10 ms; n = 3). Responses were 
classified on the basis of amplitude and 
duration as subthreshold PSPs (blue) 
or dendritic spikes (magenta, brief 
spikes; green, long spikes. (D) Experi- 
mental scheme to assess the role 
of LRIPs in dendritic spike firing. 
PSAM was virally expressed in LEC 
of Gad2-Cre mice. (E and F) Distal 
dendritic responses (E) and event 
amplitude histograms (F) to paired 
EC-SC stimulation at 1 Hz by using a 
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compared with a -10-ms pairing interval. Both 
types of spikes also required LRIP input as spike 
probability greatly decreased when the LEC 
LRIPs were silenced with PSAM-PSEM (Fig. 8, 
D to F). 

Experiments using two-photon Ca?* imaging 
in CA1 pyramidal neurons supported the view that 
the dendritic spikes may contribute to the induc- 
tion of ITDP. Repetitive stimulation of EC-SC 
inputs at 1 Hz using a -20-ms pairing interval led 
to long-lasting Ca”* signals in the apical dendrites 
that propagated to the soma (fig. S10, F and G). 
These dendritic signals provide a likely source 
for the intracellular Ca?* required for the induction 
of ITDP (10, 12). Pairing-induced dendritic spikes 
gated by the LRIPs may thus provide a powerful 
nonlinear mechanism for the long-term enhance- 
ment of SC-mediated excitation in response to tem- 
porally precise, coordinated cortico-hippocampal 
dendritic activity. 


Discussion 


The importance of excitatory projections from 
LEC and MEC to hippocampus for memory stor- 
age and spatial encoding is well established (38). 
MEC also sends LRIPs to hippocampus that form 
synapses on CA1 SR-SLM GABAergic interneurons 
(4), although the in vivo function of these inputs 
was not determined. Here, we report that LEC 
sends LRIPs to CA1 that exert an even stronger 
inhibitory drive on CAl SR-SLM INs than the 
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LRIPs from MEC. We also found that LRIPs from 
LEC convey multimodal sensory information that 
helps fine-tune the specificity of hippocampus- 
dependent contextual memory storage and en- 
hances the ability to distinguish novel from familiar 
objects. Finally, the LRIPs provide a temporally 
precise disinhibitory gating mechanism for en- 
hancing information flow within the hippocam- 
pal circuit at both short and long time scales. 
Within the context of the cortico-hippocampal 
circuit, the LRIPs transiently suppress dendritic 
FFI to enhance excitatory signals from the trisyn- 
aptic path that arrive at CAl pyramidal neurons 
precisely 20 ms after LRIP activation. The effect 
of this disinhibitory gating has ramifications across 
widely different time scales. Activation of the LRIPs 
with a single pairing of EC-SC stimulation at a 
-20-ms interval causes a transient supralinear 
boost in local dendritic depolarization and prox- 
imal spine Ca”. Repetitive paired stimulation of 
EC and SC inputs at the same interval leads to 
further amplification of synaptic input by promot- 
ing the firing of dendritic spikes (8, 9) and the 
induction of ITDP, a robust Ca?*-dependent form 
of long-term heterosynaptic plasticity (10, 11). 
Given that dendritic spikes are normally suppressed 
by strong FFI (9), the ability of the LRIPs to en- 
hance dendritic spiking during a precise tempo- 
ral window may contribute to the dendritic spike 
firing in vivo observed during behaviorally rele- 
vant cooperative activity (39). The LRIP-dependent 
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dendritic spikes are likely to participate in the in- 
duction of ITDP and the fine-tuning of learning 
and memory; this likelihood is based on the role 
of such spikes in both other forms of Ca’*-dependent 
synaptic plasticity (34, 35, 40) and nonlinear gain 
modulation during associative learning (35) and 
sensory tuning (41). 

Our findings, together with previous results 
(28, 42-45), further demonstrate how distinct 
populations of local interneurons play well-defined 
roles in hippocampus-dependent behaviors and 
circuit function. We found that CCK* INs located 
near the SR-SLM border exert strong FFI onto CA1 
pyramidal neuron dendrites; LRIP-mediated tran- 
sient suppression of these INs enables tempo- 
rally precise supralinear dendritic excitation. The 
GABAR kinetics, CA1 pyramidal neuron membrane 
time constant (29, 46), and in vivo firing patterns 
(47) of the CCK" INs are all likely to participate in 
ensuring that the kinetics of the LRIP-mediated 
IPSP are appropriately tuned to implement the 
20-ms gating of information flow from the SC 
inputs to CA1 pyramidal neurons. Of note, mice 
have been found to display an overgeneralized 
contextual learning phenotype when signaling 
in CAI CCK* INs is perturbed (48), similar to our 
behavioral findings when the LRIPs that target 
these INs are silenced. 

The role of the CCK* SR-SLM border INs in 
implementing the ITDP timing rule contrasts with 
the role in ITDP of a separate subclass of CCK* 
INs, the perisomatic-targeting basket cells located 
in and around the CA1 pyramidal neuron cell 
body layer (11). Previously, we found that the ex- 
pression of ITDP results from the combined ef- 
fects of long-term potentiation of the SC excitatory 
synapses on CA1 pyramidal neurons and the 
long-term depression of FFI from a population 
of perisomatic-targeting CCK” basket cell INs 
onto the same CAI pyramidal cells (17). Thus, 
anatomically distinct subpopulations of the same 
genetically defined class of CCK* INs are specifi- 
cally involved in the induction versus the expres- 
sion of ITDP. Yet another class of CA1 INs, the 
somatostatin-positive (SOM*) dendrite targeting 
INs, has been found to be required for CFC (28). 
These INs serve to suppress EC input to CA1 py- 
ramidal neuron dendrites during aversive stimuli, 
thereby ensuring that the unconditioned stimulus 
is not encoded as part of the contextual repre- 
sentation. Thus, distinct populations of GABAergic 
INs participate in distinct microcircuits to regulate 
separate phases of memory encoding. 

What is the significance of the precise 20-ms 
temporal window for LRIP-dependent disinhib- 
itory gating? One interesting possibility is sug- 
gested by the fact that this interval is matched to 
the dynamics of the delay-line architecture of the 
cortico-hippocampal circuit, where signals prop- 
agating through the trisynaptic path arrive at 
CA1 pyramidal neurons about 15 to 20 ms after 
the arrival of signals through the direct path (49). 
Thus, the temporal dynamics of LRIP-mediated 
disinhibition will enhance the propagation to a 
given CA1 pyramidal neuron of those signals ar- 
riving through the trisynaptic path that were ini- 
tiated by activity in EC LII stellate cells (which 
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project to dentate gyrus) simultaneously with 
activity in the subset of EC LII (3) and LIII py- 
ramidal neurons (6) that directly project to the 
same CA1 pyramidal neuron. This timing rule for 
disinhibitory gating may therefore serve as a 
filter to assess the salience of processed associa- 
tions arriving from CA3 inputs on the basis of 
their temporal relation to the direct multimodal 
sensory inputs arriving from EC. 

Because our studies of the effects of LRIP acti- 
vation on CA1 pyramidal neuron function were 
carried out in ex vivo hippocampal slices, a key 
question is whether the 20-ms timing interval 
between cortical and SC input that is required 
for the boosting of SC excitation is implemented 
by in vivo patterns of cortico-hippocampal activ- 
ity. Studies of the temporal relation of oscillatory 
activity in entorhinal cortex and hippocampus in 
vivo suggest that the disinhibitory gating mech- 
anism may indeed be engaged during spatial 
behavior (50, 57) and associational learning (52). 
For example, during running and memory tasks, 
fast gamma oscillations (100 Hz) arising from EC 
LIII are observed in SLM of CA1 and precede the 
slow gamma oscillations (50 Hz) in SR of CA1, which 
are thought to reflect CA3 pyramidal neuron input 
(50). Notably, EC LITI-CA1 gamma activity and CA3- 
CA1 gamma activity display a 90° phase offset 
during theta frequency oscillations (8 to 9 Hz) (50) 
that is consistent with a ~20- to 25-ms time delay. 

Learning is a critical adaptive behavior, and 
the precision of memory storage normally en- 
ables an animal to discriminate between harmful 
(salient) versus safe (neutral) environments. Fail- 
ure to do so can lead to overgeneralization of fear 
memories, a characteristic feature of posttraumatic 
stress and other anxiety disorders. How might the 
effect of the LRIPs to enhance cortico-hippocampal 
information flow contribute to their behavioral 
role to enhance learning specificity? The increased 
freezing in the conditioned and novel contexts 
upon silencing the LRIPs indicates that the dis- 
inhibitory circuit, and by implication ITDP, is 
not required for generalized fear learning, which 
may be implemented by other intrahippocampal 
circuits (28, 53) or other forms of plasticity, such 
as SC Hebbian LTP. Similarly, the LRIPs are 
not needed for basic object recognition memory. 
Rather, we suggest that the LRIPs may enhance 
contextual and object memory storage and may 
improve memory specificity by creating a sparse, 
high-contrast ensemble of potentiated SC syn- 
apses whose dynamics conform to the temporal 
window of paired EC-SC associative inputs that 
enables the induction of ITDP. 


Materials and Methods 


All experiments were conducted in accordance 
with the National Institutes of Health guidelines 
and with the approval of the Columbia University 
and New York State Psychiatry Institute (NYSPI) 
Institutional Animal Care and Use Committee. 


Mice 
Gad2-IRES-Cre (16), PV-IRES-Cre (54), and Ail4- 


tdTomato (55) mouse lines were obtained from 
the Jackson Laboratory (JAX); IRES refers to in- 
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ternal ribosomal entry site. The CCK IN-specific 
enhanced green fluorescent protein (EGFP)-labeled 
line was generated as described in references 
(1, 16). Briefly, CCK-IRES-Cre driver mice (gener- 
ous gift of Z. J. Huang, Cold Spring Harbor Lab- 
oratory) (11, 16) were crossed with the Dlx5/6-Flpe 
driver mice [generous gift from G. Fishell, New York 
University (56)] and a Cre- and Flp-dependent 
EGFP reporter strain, R26NZG [JAX (57)]. 


Viruses 


For anatomy and slice electrophysiology experi- 
ments in Fig. 1, we used the following: (i) rAAV2/ 
1 EFlo-DIO-ChR2-EYFP (K. Deisseroth, Stanford 
University), (ii) AAV2/9 CAG-Flex-EGFP, and (iii) 
rAAV2/9 CAG-Flex-tdTomato [all prepared by Uni- 
versity of Pennsylvania (UPenn) Vector Core]. Be- 
havioral experiments in Fig. 2 utilized: (i) for the 
PSAM-silencing group rAAV2/9 Syn-Flex-PSAM 
(L141F)GlyR-IRES-GFP (plasmid generous gift from 
S. Sternson, Janelia Farm; prepared by UPenn 
Vector Core); and (ii) for the GFP control group 
rAAV2/9 Syn-Flex-EGFP (B. Roth, University of 
North Carolina; prepared by UNC Vector Core). 
Imaging experiments in Fig. 4 used rAAV2/1 Syn- 
Flex-GCaMPé6f (L. Looger, Janelia Farm; prepared 
by UPenn Vector Core). The following custom- 
prepared viruses were used for the LRIP activa- 
tion and silencing experiments in Fig. 5, G to L 
and I to K, and Fig. 6, D to H: (i) rAAV2/7 Syn- 
Flex-Chr2-sfGFP; and (ii) rAAV2/7 Syn-Flex-PSAM- 
IRES-GFP [B. Zemelman, University of Texas at 
Austin (UT Austin), both custom-prepared]. Ex- 
periments in Fig. 6, A to E, involving (i) photo- 
stimulation of GABAergic CCK-Cre* INs used an 
rAAV2/7 Gad65-(Chr2-sfGFP)“* (B. Zemelman, UT 
Austin, custom-prepared); (ii) photostimulation 
of PV-Cre* INs used rAAV2/5 EFla-DIO-ChR2- 
EYFP [K. Deisseroth, Stanford University, com- 
mercially derived from UPenn (58)]. 


Surgery 
Stereotaxic virus injection 


The viral injection procedure is as previously 
described (17, 59). Virus was injected into the 
brains of mice under stereotactic control by 
using thin glass pipettes pulled by using a mic- 
ropipette puller and fire-polished with a micro- 
forge to have a long taper ending with a 10-um 
tip diameter. Pipettes were first back-filled with 
light mineral oil, then front-filled with the virus 
by using a Nanoject II injector. Adult mice (5 to 
10 weeks old) were injected with 50 ul buprenor- 
phine (0.3 mg/ml), subsequently anesthetized 
with 3.5% isofluorane for 3 min (1.5 ml/min flow 
rate) in an induction chamber, head-fixed in a 
stereotaxic frame, and maintained under anes- 
thesia with 1.5 to 2.5% isofluorane (1 ml/min) with 
a facemask. The hair on the head was clipped, the 
scalp sterilized with ethanol and betadine, and a 
5- to 7-mm incision made to expose the skull. 
The skull was then cleaned with hydrogen 
peroxide (0.1%), and the level adjusted to align 
bregma and lambda in the z axis. Small crani- 
otomies were made bilaterally to target the 
dorsal hippocampal CA1 subfield [anteropos- 
terior (A/P), -2.3 + 0.2 from bregma; mediolateral 
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(M/L), 1.5 + 0.2 from bregma, dorsoventral (D/V), 
-1.2 + 0.2 mm from surface of the brain]; LEC 
(A/P, -3.2 + 0.2 from bregma; M/L, 4.5 + 0.2 
from bregma, D/V, -2.5 + 0.2 mm); and MEC 
(A/P 0.2 + 0.2 from lamboid sinus at a 9° angle, 
M/L 3.1 + 0.2 from lambda, D/V 0.9 + 0.1 from 
surface of the brain). The pipette was lowered to 
penetrate the dura and a total of ~92 to 115 nl 
of virus was injected at each stereotactic coor- 
dinate (23 nl at a time with a 30-s interval be- 
tween injections) by using the Nanoject II auto 
injector under slow mode. The pipette was re- 
tracted from the brain after a 5-min waiting pe- 
riod after the final injection per site. The scalp 
was disinfected with betadine, treated with triple 
antibiotic and the topical anesthetic Marcaine 
(0.5%), and sutured. Mice were allowed to recover 
for 2 to 4 weeks postinjection before the electro- 
physiology experiments. 


Hippocampal cannula guide implantation 


To selectively silence the long-range inhibitory 
projections from the entorhinal cortex to the hip- 
pocampus, we used local infusion of the cognate 
synthetic ligand PSEM in CAI using a cannula. 
The presurgical and craniotomy procedures were 
identical to that of the stereotaxic viral injection. 
The skull surface was dried completely and coated 
with a thin layer of Vetbond and then lightly 
scratched with a scalpel blade to form crevices 
for the cement mix to seep in. A sterilized custom- 
designed bilateral cannula guide with a dummy 
cannula was inserted in the skull over dorsal 
hippocampal CAI (A/P, -2.2; M/L, 1.5, D/V, -1.7 
from bregma) along with two stainless steel an- 
choring screws inserted partially into the skull, 
one over the prefrontal cortex and the other over 
the cerebellum. The implant was secured to the 
animal’s skull with dental cement (grip cement 
or dental acrylic) and two bone screws. The ce- 
ment was allowed to dry for 20 min, and the 
wound was sutured around the implant. Marcaine 
was applied locally to decrease postoperative pain. 


Hippocampal cranial window implantation 


The cranial window implantation method used 
here is as described previously (27, 28). The pre- 
surgical anesthesia and exposed skull prepara- 
tion procedures were identical to that described 
above. A 3-mm-diameter circle was drilled in the 
skull over left dorsal CA1, to match the size of the 
cannula window implant. The bone and dura 
were gently removed, and the cortex covering the 
hippocampus was slowly aspirated while con- 
stant irrigation with chilled artificial cerebro- 
spinal fluid (ACSF) was maintained until the 
external capsule was exposed. A sterilized stain- 
less steel cannula implant with a glass cover slip 
window was inserted into the craniotomy. The 
top of the cannula and a titanium head post were 
secured to the skull with grip cement. The ce- 
ment was allowed to dry for 20 min before mice 
were returned to the home cage. 


Postsurgical care 


The animals recovered from anesthesia and were 
mobile within 5 to 15 min postsurgery. Mice were 


SCIENCE sciencemag.org 


monitored every 12 hours for 3 days after surgery, 
and buprenorphine was administered to mini- 
mize any signs of discomfort. 


Freely moving behavior 


The contextual fear conditioning and open- 
field behavioral tests were performed as de- 
scribed previously (20). The novel object recog- 
nition behavior task was a modified version of the 
paradigm described in (25) to ensure hippocampal 
dependence. 


Subjects and habituation 


Male mice (7 = 4 or 5) were housed per cage with 
ad libitum access to food and water, kept on a 
12-hour (6 a.m. to 6 p.m.) light-dark cycle with 
the ambient temperature maintained at 21°C. 
Tests were conducted during the light cycle. Half 
of the littermate mice in each cage were injected 
with the control GFP virus bilaterally in LEC, 
whereas the other half were injected with the 
PSAM virus. For 5 days before the start of behav- 
ioral testing, the mice were habituated to handling, 
transport from the postprocedural housing room 
to the behavioral testing room, and momentary 
head restraint for connecting the cannula guide 
with dummy tubing. During these habituation 
sessions, mice were allowed to move around with 
the tubing attached to simulate the PSEM infusion 
conditions. The experimenter was blind to the 
group identities, which were revealed after testing 
was completed. 


Microinfusion of PSEM 


An internal injection cannula was connected to a 
10-1 Hamilton syringe via thin tubing. The 
tubing was prefilled with sterifiltered PSEM 
308 (15 uM) in oxygen-enriched ACSF, and the 
syringe was mounted in a syringe pump. The 
animal was gently restrained in its home cage by 
hand, and the injection cannula was slowly 
introduced into the previously implanted guide 
cannula. The cannula was fixed to the head 
implant via a screw-top connector, and the animal 
was released in an empty cage. Next 0.5 ul of 
PSEM was injected over the course of 5 min 
with the syringe pump, followed by a 2-min rest 
period with the tubing connected to the animal. 
The animal was gently restrained once again by 
hand, the connector detached, the internal cannula 
removed, and the dummy internal cannula restored 
to the guide cannula. The animal was then placed in 
the open field, CFC chamber, or object recognition 
arena for testing in the behavioral tasks. 

During all microinfusion experiments, the dye 
miniRuby (5% in water) was included in the 
cannula solution to gauge post hoc the accuracy 
of cannula targeting and spread of substances dur- 
ing the microinfusion. At the end of the experiments, 
the animals were infused with miniRuby again 
10 min before perfusion with paraformaldehyde, 
and the brains were examined for miniRuby fluo- 
rescence. These experiments provide an overesti- 
mate of the likely extent of PSEM diffusion during 
its application, as the brains were analyzed 1 to 
24 hours after the first miniRuby infusion and 
subjected to more than one miniRuby infusion, 
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whereas PSEM is only active for 20 min after ap- 
plication (9) 


Open field 


Mice were placed in an open field (45 cm L by 
45 cm W by 30.5 cm) for 30 min. The testing cham- 
bers were cleaned with 70% isopropanol wipes be- 
tween animals to eliminate any odor-related cues. 
Locomotor and rearing activity was monitored via 
motion-sensitive infrared (IR) beam breaks and 
recorded by the Med Associates Activity Monitor 
software. The entire apparatus was enclosed in a 
soundproof box. 


Contextual and cued fear conditioning 


Hippocampus-dependent contextual fear mem- 
ory and amygdala-dependent auditory fear 
memory were tested by using a 3-day-delay fear 
conditioning protocol. A sound-attenuating cham- 
ber equipped with a FireWire camera for tracking, 
a light, and a speaker for delivering contextual 
and conditioning cues was used. Mice were placed 
in an enclosure (17 cm by 17 cm by 25 cm) housed 
within the sound-attenuated chamber. The floor- 
ing, wall patterns, dominant odors, and light con- 
ditions of the enclosure could be changed to 
provide different contexts. Context A on day 1 con- 
sisted of an enclosure with a steel grid floor, three 
Plexiglas walls and one opaque wall with black 
and white stripes, 1% acetic acid as the dominant 
odor, and the house fan turned on. The enclosure 
was cleaned with 70% isopropanol between ani- 
mals. Mice were moved from their home cage to a 
transfer cage with no bedding for the PSEM mi- 
croinfusion as detailed above. After 2-min post- 
infusion of PSEM, the mice were placed in the 
fear conditioning chamber (context A). The mice 
explored the environment for 150 s, following 
which a tone (30 s, 2.8 kHz, 85 dB) was presented 
that coterminated with a shock (2 s, 0.7 mA). Mice 
were removed from the chamber 30 s after the 
shock. On day 2, the mice were placed back in con- 
text A for 300 s and contextual fear memory was 
assayed by scoring percent time spent freezing (de- 
fined as the absence of all movement except for res- 
piration). No shock or tone was presented on day 2. 
On day 3, the mice were exposed to novel con- 
text B: The testing room was dimly illuminated with 
red light, and the enclosure was cleaned between 
animals with Vimoba; the enclosure had an opaque 
white-colored plastic floor, with three solid gray- 
colored walls, one Plexiglas wall with a circular door, 
and a red, flat plastic roof and 0.25% benzaldehyde 
as the dominant odor. Mice were first moved from 
their home cage to a circular bucket and then a 
cage with paper towel bedding during PSEM infu- 
sion before moving them to the testing chamber. 
Mice were exposed to context B for 180 s, and then 
the tone from day 1 was played for 60 s to assess 
cued fear conditioning by using percentage of time 
spent freezing. Freezing during fear conditioning 
was analyzed automated with ANY-maze and 
parsed into the different behavioral task phases. 


Novel object recognition 


Twelve male mice were injected with AAV9- 
Syn-FLEX-PSAM L141F:GlyR-IRES-GFP (Penn) 
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and kept on a 12-hour reversed light-dark cycle 
in a room maintained at 21°C. All trials of the 
novel object recognition (NOR) task were con- 
ducted during the dark cycle and in dim lighting. 
White plastic transport boxes (55 by 40 by 15 cm?) 
were used as testing arenas. Three different ob- 
jects were used: (i) a blue ceramic shoe (diameter 
9.5 cm, maximal height 6 cm), (ii) a black plastic 
slide box (8 by 3 by 9.5 cm’), and (iii) a semiclear 
plastic funnel (diameter 8.5 cm, maximal height 
8.5 cm). Pilot experiments found that these ob- 
jects elicited equal exploration time. Mice were 
habituated to handling and transported from 
the holding room to the behavioral room and 
were given 1 hour in the behavioral room each day 
to habituate before any tasks began. Mice were 
habituated to the infusion set-up and empty test- 
ing arena for 10 min each day for three conse- 
cutive days. On the fourth day, mice were infused 
over a duration of 5 min with either miniRuby + 
ACSF + PSEM or a control solution of miniRuby + 
ACSF. The solutions were kept in coded tubes to 
ensure that the experimenter was blinded and to 
randomize the treatment groups. In trial 1, mice 
were exposed to object A and object B for 10 min. 
After a 3-min intertrial interval, mice were again 
exposed to the same pair of objects for trial 2. 
The mice were then tested for object recognition 
memory after a 10-min interval by replacing 
either object A or object B with object C, the novel 
object. Objects and arenas were cleaned with 30% 
ethanol between all trials. Mice were recorded 
with an overhead FireWire camera and their 
movements tracked by using ANY-maze soft- 
ware. Exploration time was determined by using 
ANY-maze by measuring time spent with the 
animal's head within a region-of-interest (ROT) 
that extended 2 cm around each object. 


In vivo imaging with head-fixed 
behavioral cues 

Imaging experiments in head-fixed, awake behav- 
ing mice were performed as described previously 
(27, 28). Briefly, Gad2-Cre: Ail4 tdTomato mice 
were injected in the left LEC with Cre-dependent 
rAAV to express the genetically encoded cal- 
cium indicator GCaMP6f (26) selectively in Cre* 
GABAergic neurons within the LEC. Two weeks 
postinjection, a glass-bottomed stainless steel can- 
nula was implanted directly over the left hippocam- 
pus to allow for optical access to the long-range 
GABAergic axons projecting from LEC to SLM. 
After 1 week of recovery, water-deprived mice were 
head-fixed on a treadmill belt under a two-photon 
laser-scanning microscope within a custom-built 
behavioral apparatus that allows for simultaneous 
imaging and recording of behavior in response to 
four sensory stimuli: an aversive air puff to the 
snout, an appetitive water reward, a flash of light, 
and pure tones. Each experiment contained three 
to five blocks of stimuli presented either singu- 
larly or in pairs. Locomotion was monitored while 
imaging during each trial, which consisted of a 
5- to 10-s pretrial interval, a randomly chosen 
stimulus or pair of stimuli, and a 10- to 30-s post- 
trial recording interval. Imaging was performed 
with an ultra fast pulsed laser beam (920-nm wave- 
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length; 20 to 40 mW average power at the back 
focal plane of the objective) through a 40x ob- 
jective. Green (GCaMP) and red (tdTomato) fluo- 
rescence was separated with an emission filter 
cube set (green, HQ525/70m-2p; red, HQ607/ 
45m-2p; and 575dcxr) and was detected with 
photomultiplier tubes (PMTs) (green: GaAsP 
PMTs; red: multialkali PMTs) at either 256 x 128 
pixels (75 x 75 um; 0.295 um/pixel in X; 0.588 
um/pixel in Y), 4x optical zoom, at 5.3 Hz or 
128 x 128 pixels (105 x 105 um), 2.8x optical 
zoon, at 6.1 Hz. 


Acute-slice electrophysiology 
Solutions 


Recordings were performed with ACSF (pH 7.3, 
osmolarity 305 to 320 mOsm and saturated with 
95% Oz and 5% COz) for the extracellular solution. 
The ACSF consisted of (in mM) NaCl (125), 
NaHCOs (25), KCl (2.5), NaH»PO, (1.25), MgCl, (1), 
CaCl, (2), glucose (22.5), Na-pyruvate (3), and 
ascorbate (1). Hippocampal slices were prepared 
and incubated in sucrose-enriched modified ACSF 
containing (in mM) NaCl (10), NaH.PO, (1.2), 
KCl (2.5), NaHCOs (25), glucose (25), CaCl, (0.5), 
MgCl, (7), sucrose (190), and pyruvate (2). The 
intracellular current-clamp recording solution con- 
tained (in mM) KMeSO, (135), KCl (5), NaCl (2), 
EGTA (0.2), Hepes (10), phosphocreatine Naz (10), 
MgATP (5), NasGTP (0.4), Alexa Fluor 594 
cadaverine (0.1), and biocytin (0.2%). The intra- 
cellular solution for voltage-clamp recordings con- 
tained CsMeSO, (135), KCl (5), NaCl (2), EGTA 
(0.2), Hepes (10), phosphocreatine Nay (10), MgATP 
(5), NasGTP (0.4), Alexa Fluor 594 (0.1), and 
biocytin (0.2%). In a subset of experiments, the 
following drugs were applied via bath applica- 
tion (in uM): SR95531 (2), CGP 55845 (1), NBQX 
(10), D-APV (100), and PSEM””* (3 to 5). PSEM was 
generously provided by S. Sternson, Janelia Farm. 


Slice preparation 


We prepared 4.00-um-thick horizontal hippocam- 
pal sections using a vibrating microtome from 
brains of mice that were transcardially perfused 
with ice-cold dissection ACSF. For the horizontal 
sections, hemisected brains were blocked ven- 
tromedially at an angle of 10° before sectioning. 
For the transverse sections, the hippocampi were 
dissected out, embedded in agar (4%), and then 
sliced. Slices were allowed to recover for at least 
20 min at 34°C and then stored at room temp- 
erature in a 50% dissection: 50% standard ACSF 
solution before transfer to the recording chamber. 


Electrophysiology setup 


For IR-guided patch recordings, slices were 
visualized with a microscope equipped with 
Dodt-gradient-contrast optics and a 2x to 4x 
zoom module, IR filter, 60 x 1.0 nA water im- 
mersion objective, and a camera using image 
acquisition software. We performed fluorescence- 
guided targeted patch-clamp recordings using an 
epifluorescence illumination system equipped with 
a metal-halide lamp, ET-GFP and mCherry filter 
sets, Uniblitz shutter VCM-D1, and Orca R2 charge- 
coupled device camera controlled by u-Manager 
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(60). Photostimulation of ChR2 was achieved with 
an optical fiber coupled to a solid-state blue laser 
(470 nm) to illuminate SLM. In some experiments, 
the light was routed through a set of pinholes to 
produce a 50-um focal-beam spot over SR. 


Two-photon imaging and 
electrophysiology setup 

Two-photon imaging of proximal dendritic spine 
Ca?* used a custom-designed system with dual 
X-Y scanning galvanometers, coupled to a pulsed 
Ti:Sapphire MaiTai DeepSee femtosecond laser. 
Fluorescence was detected using high-sensitivity 
GaAsP PMTs. The scanning system was mounted 
on a microscope equipped with a 60 x 0.9 num- 
erical aperture (NA) water immersion objec- 
tive, and infrared Dodt-gradient-contrast optics 
coupled to a multialkali detector. Recording and 
stimulating electrodes were positioned using 
three junior micromanipulators on a movable mo- 
torized base plate connected to a MultiClamp 
700B amplifier, Digidata 144.0, and two constant- 
current stimulators for patch-clamp electrophys- 
iology during imaging. 


Electrophysiology recordings 


Whole-cell patch-clamp recordings were per- 
formed at 34°C in standard ACSF using boro- 
silicate glass pipettes with tip resistances of 3.5 to 
4.5 MQ for somatic and 9 to 16 MQ for dendritic 
recordings. A MultiClamp 700B amplifier, pClamp 
9 software, and a personal computer were used for 
data acquisition. Pipette capacitance (Cp), series 
resistance (Rs), and whole-cell capacitance (Cm) 
were compensated under voltage clamp initially 
with maximal allowable prediction and correction 
(75 to 85%). The average series resistance for whole- 
cell voltage-clamp recordings was kept between 
9 and 15 MQ. These values were used as a guide 
to estimate the pipette capacitance compensation 
and bridge balance under current clamp. The 
average access resistances for the current-clamp 
recordings ranged from 10 to 20 MQ for soma 
and 10 to 40 MQ for dendrite recordings. The 
membrane potential (Vn) of IN and pyramidal 
neuron soma was held at +10 mV under voltage 
clamp to measure IPSCs, whereas current clamp 
recordings were performed from soma and den- 
drites at the cell's resting membrane potential. 
Synaptic responses were evoked by electrical 
stimulation of the EC inputs or SCs, with focal 
glass pipette stimulating electrodes coupled to 
constant current stimulators placed in SLM or 
SR, respectively. Stimulus strengths were adjusted 
to evoke EC and SC PSPs <50% of their maximal 
amplitude. Basal transmission was monitored 
every 15 s with EC and SC electrical stimuli spaced 
2s apart. Laser pulses delivered during episodes 
involving optical stimulation were also spaced 15 s 
apart. Cells were intracellularly filled for 10 to 
15 min with the Ca?* indicator Fluo-5F (500 uM) 
and the structural dye Alexa Fluor 594 (25 4M). 
Random-access line scans (256 lines per frame, 
5.6x optical zoom, 25.709 x 17.504 jum field of vi- 
sion, 2.8-1s dwell time, 1.28-ms scan-line period) 
and two-dimensional scan (512 x 512 pixels, 1x 
optical zoom, 198.45 x 198.45 um field of vision, 
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1.6-p1s dwell time, 1.4-ms scan-line period) image 
series were acquired using the PrairieView soft- 
ware in both the green and red channel. The image 
t-series acquisition on PrairieView was synchro- 
nized and used transistor-transistor logic trig- 
gered by the electrophysiology acquisition 
software Axograph. Line scans were acquired 
after each EC-SC stimulus pair simultaneously 
with the SC stimulus trigger once every 15 s for 
the single pairings at variable timing intervals (0 
to 40 ms). For multiple pairings at 10- or 20-ms 
intervals, images were acquired at a 1 Hz fre- 
quency up to 90 times, identical to the ITDP in- 
duction protocol. 


Immunohistochemistry, confocal 
imaging, and neuronal tracing 
Immunohistochemistry 


Adult animals were deeply anesthetized with 
ketamine-xylazine and perfused with 1x phosphate- 
buffered saline (PBS) followed by 4% parfor- 
maldehyde in PBS. The brains were removed 
and postfixed overnight in 4% paraformaldehyde 
at 4°C. The brains were sectioned in the coronal 
plane for hippocampal sections or sagittal plane 
for entorhinal sections at 50-um thickness by 
using a vibrating microtome. For experiments 
involving the expression of GFP alone, GCaMP, 
and TdTomato, the signal was bright enough 
and did not require further immuno-enhancement. 
For immunostaining, slices were permeabilized 
in 1x PBS + 0.3% Triton, blocked in 3% normal 
goat serum, and then incubated with primary 
(overnight) and secondary (2 to 4 hours) anti- 
bodies in blocking solution (1x PBS, 0.2% Triton 
and 3% normal goat serum), unless otherwise 
stated. ChR2-EYFP- and ChR2-GFP-labeled neu- 
rons and their projections were stained by using 
a rabbit polyclonal antibody against GFP primary 
antibody (1:1000; Invitrogen) with a secondary 
goat antibody against primary rabbit immuno- 
globulin G (IgG) antibody conjugated with Alexa 
Fluor 488 dye (1:1000; Invitrogen). For the GFP- 
tagged CCK, PV, and SOM interneuron triple 
staining, we used a similar procedure for wash- 
ing, permeabilization, and blocking as described 
above but substituted PBS with Tris-buffer so- 
lution (TBS, TB 0.1 M; NaCl 0.9%; pH 7.4). The 
primary antibodies we used were chicken poly- 
clonal anti-GFP (1:1000, Abcam), rabbit polyclonal 
anti-parvalbumin (1:500, Synaptic Systems—SYSY), 
and rat monoclonal antibody against somatostatin 
(1:200, Millipore, clone YC7). The secondary anti- 
bodies for these stains included secondary goat 
antibody against chicken IgG antibody con- 
jugated with Alexa Fluor 488 dye (1:1000, Invitro- 
gen), goat anti-rabbit IgG antibody conjugated 
with Alexa Fluor 555 dye (1:1000, Invitrogen), and 
minimal cross reactivity goat anti-rat IgG con- 
jugated with Alexa Fluor 647 dye (1:1000, Jackson 
Laboratories). 

For experiments involving PSAM and CCK 
after electrophysiology recordings, 400-um slices 
were drop-fixed overnight in 4% paraformaladhyde, 
embedded in agar, and resectioned to 50 um. For 
the a-bungarotoxin staining of PSAM-GlyR, we 
followed the procedure previously described (11). 
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Resliced sections were permeabilized with 0.5% 
Triton by using a Tris-buffered saline (TBS) at a 
PH of 7.4. The slices were blocked in 10% normal 
goat serum in TBS with 0.5% Triton for 4 hours 
at room temperature and then incubated with Alexa 
Fluor 647 o-bungarotoxin (1:3000; Invitrogen) in 
TBS + 0.1% Triton, first at room temperature for 
1 hour, then at 4°C for 48 hours to stain for nic- 
otinic «7 receptor-containing PSAM(L141F)-GlyR. 
In sections that coexpressed ChR2-GFP or GFP 
alone with the PSAM, primary antibody for GFP 
(rabbit polyclonal anti-GFP primary antibody, 
1:1000; Invitrogen) was added for the last 12 hours 
of overnight incubation at 4°C. After TBS washes 
(4 x 15 min), the slices were incubated at room tem- 
perature for 4 hours with secondary antibody for 
GFP (goat antirabbit Alexa Fluor 488, 1:1000; 
Invitrogen) along with fresh Alexa Fluor 647 
a-bungarotoxin (1:3000; Invitrogen) in TBS + 
0.1% Triton to counterstain for GFP and PSAM. 
For the CCK staining, we followed a previously 
described procedure (67). 

Briefly, slices were put through antigen re- 
trieval by being placed in a citrate buffer at pH 
8.6 for 70 min at 90°C. Then, slices were washed 
three times for 5 min each time in PBS. Slices 
were permeabilized with blocking solution (1% 
BSA and 0.5% Triton in PBS) with 10% normal 
goat serum for 4 hours at room temperature. 
Slices were then incubated with primary anti- 
bodies against cholecystokinin (mouse monoclo- 
nal; 1:1000; generous gift of G. Ohning, CURE 
center, UCLA) or GFP (rabbit polyclonal; 1:1000; 
Invitrogen) in blocking solution for 48 hours at 
4°C. Slices were then washed 4 x 15 min each 
time with carrier solution (1% BSA, 0.1% Triton, 
and 1% normal goat serum in PBS) at room tem- 
perature. After this, slices were incubated with a 
Biotin-SP-conjugated AffiniPure F(ab’). frag- 
ment goat anti-mouse IgG (1:250; Jackson) and 
goat anti-rabbit Alexa Fluor 488 dye-conjugated 
IgG antibody (1:1000; Invitrogen) in carrier solu- 
tion for 4 hours at room temperature. After PBS 
washes (4 x 15 min), the slices were incubated in 
ABC complex for 1 hour. Then slices were washed 
with PBS (4 x 15 min) and incubated with TSA- 
tyramide-tetramethylrhodamine amplification kit 
plus buffer solution for 3 to 10 min at room tem- 
perature. PBS washed slices were next incubated 
with Alexa Fluor 555 streptavidin (1:500; Invitrogen), 
Alexa Fluor 488 dye-conjugated anti-rabbit IgG 
secondary antibody (1:1000; Invitrogen), and Alexa 
Fluor 555 dye-conjugated anti-mouse IgG sec- 
ondary antibody (1:1000; Invitrogen) in carrier 
solution for 4 hours at room temperature. Finally, 
the slices were washed in PBS (4 x 15 min) and 
mounted. 

Stained slices were mounted with Prolong 
Gold or Vectashield hard-set mounting medium 
with 4’,6-diamidino-2-phenylindole (DAPI) for 
the GFP, CCK, PV, and somatostatin stains or 
Aqua-Mount aqueous mounting medium for the 
bungarotoxin staining. 


Confocal imaging 


An inverted laser-scanning confocal microscope 
was used to acquire tile scan and Z-stack images 


8 JANUARY 2016 * VOL 351 ISSUE 6269 


of multichannel fluorescent signals from fixed 
tissue sections by using 5x, 10x, or 20x air ob- 
jectives, as well as a high NA 63x oil immersion 
objective. Maximum intensity projections were 
created using Image J. 


Neuronal reconstruction 


During the electrophysiology recordings, all 
cells were intracellularly filled with Alexa Fluor 
594 for online visualization and 0.2% neuro- 
biotin to allow for enhanced visualization and 
post hoc reconstruction with a streptavidin- 
bound fluorophore (Streptavidin Alexa Fluor 
555). Immediately after recording, the acute brain 
slice was drop-fixed overnight at 4°C in 4% 
paraformaldehyde solution. The tissue was then 
thoroughly rinsed with PBS-glycine (1 x 15 min) 
and PBS (3 x 15 min) and processed for immu- 
nohistochemistry. The 20x high-resolution (1024 
x 1024, 16-bit depth) fluorescent confocal Z-stack 
images of the fluorophore-labeled filled neu- 
rons were used to trace the soma, axons, and 
dendrites by using Neurolucida reconstruction 
software. 


Data analysis 
Behavior data 


For the behavioral experiments, we analyzed the 
open-field data using Activity Monitor, and an 
automated analysis was used for calculating 
freezing during fear conditioning with ANY-maze. 
The data were exported in tab-delimited format 
into Prism for further statistical analysis. The red 
fluorescent signal of miniRuby infused along 
with PSEM during the behavioral tasks served 
as an indicator of accurate cannula targeting and 
drug spread. One animal from the control cohort 
(total of 10 animals) and test cohort (total of 8 
animals) each was removed from the data anal- 
ysis because of mistargeting. Statistical signif- 
icance was assessed by two-tailed unpaired Student's 
t tests, two-way ANOVA, or two-way repeated- 
measures ANOVA where appropriate. Significant 
main effects or interactions were followed up with 
multiple comparison testing by using Sidak’s cor- 
rection. Results were considered significant when 
P < 0.05. a was set equal to 0.05 for multiple 
comparison tests. Sample sizes were chosen based 
on previous studies. 


In vivo imaging data 


Sequential Image Analysis (SIMA) toolkit (62) 
was used to correct motion artifacts in the raw 
imaging data, to identify and tag regions of in- 
terest (ROIs), and to extract fluorescence traces 
from each ROI. Extracted signals were synchro- 
nized to the recorded running signal and pre- 
sented stimuli, and peristimulus time histograms 
(PSTHs) were calculated. For each ROI-stimulus 
pair, the response magnitude was calculated as 
the mean of the PSTH in the 3 s preceding the 
stimulus subtracted from the mean of the 3 s after 
the stimulus. Significantly responding ROIs were 
determined by randomly shuffling the stimulus 
times across all trials 10,000 times, calculating 
the response magnitude for each shuffle, and then 
selecting any ROIs with a response magnitude 
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above the 95th percentile of the distribution of 
shuffled values. 


Electrophysiology data 


Axograph X was used for electrophysiology 
data analysis. A '7pA amplitude threshold was 
set for sorting failures and successes for the light- 
evoked IPSCs to map the LEC and MEC LRIP 
connectivity. All IPSCs above this cutoff were 
included in calculating the mean response amp- 
litude and percentage of responsive INs for the 
two groups. For calculating amplitude changes 
in the EC-SC and EC-ChR2 single pairing, the 
responses to SC electrical stimulation or ChR2 
photostimulation alone were averaged for 3 min 
before pairing, and the mean was used to nor- 
malize the responses paired with EC stimulation. 
For comparing the effect of application of NBQX, 
APV, SR 95531, CGP 558465, or PSEM, the predrug 
baseline synaptic-response amplitude for the 
“control” condition was obtained by averaging 
the responses recorded for the 5 min preceding 
drug application. The postdrug synaptic-response 
amplitudes were obtained by averaging responses 
recorded for 5 min in the presence of the drug, 
once a steady-state response was reached, typi- 
cally 7 to 10 min after starting bath application of 
the drug. For sorting and generating the his- 
tograms of the dendritic PSPs and spikes, an 
event-detection algorithm in Axograph was used. 
Time-course plots for ITDP were generated by 
using a boxcar average of every four responses 
(1-min period), as previously described (17). All 
statistical errors are standard errors of the pop- 
ulation mean or boxcar mean (SEM); all P values 
(significance level set at P < 0.05) for ¢ tests are 
two-tailed; and all ANOVAs were corrected for 
multiple comparisons using post hoc tests as 
indicated. 


KaleidaGraph 4 and Prism 6 were used for 


plotting all data and statistical analysis. Figures 
were generated with Adobe Illustrator. 
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Distinct routes of lineage 
development reshape the human 
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INTRODUCTION: The hematopoietic road 
map is a compilation of the various lineage 
differentiation routes that a stem cell takes 
to make blood. This program produces greater 
than 10 blood cell fates and is responsible for 
generating more than 300 billion cells daily. 
On several occasions over the past six decades, 
the murine road map has been reconceived 
due to new information overturning dogma. 
However, the human road map has changed 
little. In the human model, blood differentia- 
tion initiates at the level of multipotent stem 
cells and passes through a series of increas- 
ingly lineage-restricted oligopotent and, finally, 
unipotent progenitor intermediates. One criti- 
cal oligopotent intermediate is the common 
myeloid progenitor (CMP), believed to be the 
origin of all myeloid (My), erythroid (Er), and 
megakaryocyte (Mk) cells. Although murine 
studies challenge the existence of oligopotent 
progenitors, a comprehensive analysis of human 
My-Er-Mk differentiation is lacking. Moreover, 
whether the pool of oligopotent intermediates 
is fixed across human development (fetal to 
adult) is unknown. 


RATIONALE: The differentiation road map 
taken by human hematopoietic stem cells (HSCs) 
is fundamental to our understanding of blood 
homeostasis, hematopoietic malignancies, and 
regenerative medicine. 


RESULTS: We mapped the cellular origins of 
My, Er, and Mk lineages across three time 
points in human blood development: fetal liver 
(FL), neonatal cord blood (CB), and adult bone 
marrow (BM). Using a cell-sorting scheme based 
on markers linked to Er and Mk lineage specifi- 
cation (CD71 and CD110), we found that pre- 
viously described populations of multipotent 
progenitors (MPPs), CMPs, and megakaryocyte- 
erythroid progenitors (MEPs) were heteroge- 
neous and could be further purified. Nearly 
3000 single cells from 11 cellular subsets from 
the CD34* compartment of FL, CB, and BM 
(33 subsets in total) were evaluated for their 
My, Er, and Mk lineage potential using an op- 
timized single-cell assay. 

In FL, the ratio of cells with multilineage 
versus unilineage potential remained constant 
in both the stem cell (CD34"CD38 ) and progen- 


itor cell (CD34*CD38") enriched compartments. 
By contrast, in BM, nearly all multipotent cells 
were restricted to the stem cell compartment, 
whereas unilineage progenitors dominated the 
progenitor cell compartment. Oligopotent pro- 
genitors were only a negligible component of 
the human blood hierarchy in BM, leading to 
the inference that multipotent cells differentiate 
into unipotent cells directly by adulthood. 
Mk/Er activity predominantly originated from 
the stem cell compartment at all developmental 
time points. In CB and BM, most Mks emerged 
as part of mixed clones from HSCs/MPPs, indi- 
cating that Mks directly branch from a multi- 
potent cell and not from 
oligopotent progenitors 
Read the full article like CMP. In FL, an almost 
at http://dx.doi. pure Mk/Er progenitor 
org/10.1126/ was identified in the stem 
science.aab2116 cell compartment, although 
seeeastuecuas eae taataeicnegs jess paler MAGE peueen: 
itors were also present in the progenitor com- 
partment. In a hematological condition of HSC 
loss (aplastic anemia), Mk/Er but not My pro- 
genitors were more severely depleted, pin- 
pointing a close physiological connection between 
HSC and the Mk/Er lineage. 


CONCLUSION: Our data indicate that there 
are distinct road maps of blood differentiation 
across human development. Prenatally, Mk/Er 
lineage branching occurs throughout the cellu- 
lar hierarchy. By adulthood, both Mk/Er activ- 
ity and multipotency are restricted to the stem 
cell compartment, whereas the progenitor com- 
partment is composed of unilineage progen- 
itors forming a “two-tier” system, with few 
intervening oligopotent intermediates. m 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
{Corresponding author. E-mail: jdick@uhnres.utoronto.ca 
Cite this article as F. Notta et al., Science 351, aab2116 
(2016). DOI: 10.1126/science.aab2116 


Road maps of human blood stem cell differentiation. The classical model envisions that oligopotent progenitors such as CMP are an essential 
intermediate stage from which My/Er/Mk differentiation originates. The redefined model proposes a developmental shift in the progenitor cell 
architecture from the fetus, where many stem and progenitor cell types are multipotent, to the adult, where the stem cell compartment is multipotent but 
the progenitors are unipotent. The grayed planes represent theoretical tiers of differentiation. 
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In a classical view of hematopoiesis, the various blood cell lineages arise via a hierarchical 
scheme starting with multipotent stem cells that become increasingly restricted in their 
differentiation potential through oligopotent and then unipotent progenitors. We developed a 
cell-sorting scheme to resolve myeloid (My), erythroid (Er), and megakaryocytic (Mk) fates from 
single CD34* cells and then mapped the progenitor hierarchy across human development. 
Fetal liver contained large numbers of distinct oligopotent progenitors with intermingled My, Er, 
and Mk fates. However, few oligopotent progenitor intermediates were present in the adult bone 
marrow. Instead, only two progenitor classes predominate, multipotent and unipotent, with 
Er-Mk lineages emerging from multipotent cells. The developmental shift to an adult “two-tier” 
hierarchy challenges current dogma and provides a revised framework to understand normal 


and disease states of human hematopoiesis. 


or decades, both human and mouse he- 

matopoiesis has been described as a cellular 

hierarchy maintained by self-renewing he- 

matopoietic stem cells (HSCs) that reside at 

the apex of its pyramidal structure of dif- 
ferentiating cells (/, 2). This differentiation scheme 
highlights key features of the blood hierarchy 
that has been critical to our understanding of 
how stem cells manage lifelong blood production. 
In general, self-renewing cell types with extended 
life span like long-term HSCs (LT-HSCs), as well 
as short-term HSCs (ST-HSCs) and multipotent 
progenitors (MPPs), are rare and remain closer to 
the conceptual peak of the hierarchy; oligopotent 
and unipotent progenitors farther down the scheme 
have shorter life spans, increase numerically, and 
ultimately differentiate into more than 10 func- 
tional blood cell types. In the standard model of 
hematopoiesis, hierarchical differentiation com- 
mences from HSCs with the production of stem 
cell intermediates with less durable self-renewal 
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potential that culminate with the generation of 
MPPs, the penultimate step before lineage spec- 
ification. From MPPs, the common lineages for 
myelopoiesis [common myeloid progenitor (CMP)] 
and lymphopoiesis [common lymphoid progen- 
itor (CLP)] are segregated (3, 4). In myeloid (My) 
(defined herein as granulocyte/monocyte) dif- 
ferentiation, oligopotent CMPs undergo further 
restriction into bivalent granulocyte-monocyte 
progenitor (GMPs) that go on to make granulocytes 
and monocytes, and megakaryocyte-erythroid pro- 
genitors (MEPs) that go on to make platelets and 
red blood cells (RBCs). Thus, CMPs represent the 
critical oligopotent progenitor from which all 
My, erythroid (Er), and megakaryocyte (Mk) cells 
arise. Although the standard model is still used 
extensively as an operational paradigm, further 
cell purification and functional clonal assays 
have led to key revisions to the model. In mouse, 
the identification of lymphoid-primed multipo- 
tent progenitors (LMPPs) argued that Mk-Er 
potential must be the first lineage branch lost 
in lymphomyeloid specification of HSCs (5, 6). 
Recently, paired-daughter analysis monitoring 
of mouse HSC cell divisions have demonstrated 
that Mk-Er progenitors can be derived from HSC 
directly without progressing through conven- 
tional MPPs and CMPs (7). Although these data 
challenge the standard model, clear consensus 
on a revised model of hematopoiesis is still lack- 
ing. Human hematopoiesis is widely regarded 
as following the same differentiation scheme as 
mouse hematopoiesis [reviewed in (8)]. Early work 
involving cell purification and methylcellulose 
(MC) colony-forming cell (CFC) assays identified 


CMPs and CLPs (9, 10). However, purification 
schemes to resolve My, Er, Mk, and lymphoid (Ly) 
fates remained poor. Through the development 
of more efficient assays to monitor Ly fates in 
single-cell stromal assays and an improved sort- 
ing scheme, we identified human multilymphoid 
progenitors (MLPs) as the earliest lymphoid dif- 
ferentiation precursor with concomitant lymph- 
oid (T, B, and natural killer) and myelomonocytic 
potential (77, 12). Considerable uncertainty remains 
concerning the myelo-erythro-megakaryocytic 
branch of human hematopoiesis because clo- 
nogenic CFC assays do not read out My, Er, and 
Mk fates efficiently or contemporaneously, 
making it difficult to account for all cells within 
phenotypically pure populations of CMPs and 
MEPs. A comprehensive analysis of human myelo- 
erythro-megakaryocytic development has not been 
undertaken, so it is really only by default that the 
standard model applies. 

Much of our understanding of the molecular 
basis of cellular differentiation and lineage com- 
mitment is derived from the assumptions implicit 
in the standard model. For example, simultaneous 
expression of molecular factors associated with 
My-Er-Mk lineages at low levels is considered to 
maintain CMPs as the origin of the common 
lineage for myelopoiesis (3). During lineage re- 
striction to GMPs and MEPs, progressive up- 
regulation of particular lineage factors initiates 
feedforward and feedback molecular controls 
that lock in a granulocyte/monocyte or a Mk-Er 
differentiation program. An important axiom that 
arises from this molecular view of the standard 
model is that cellular differentiation is gradual. 
However, transcriptional studies of highly puri- 
fied or single-cell murine HSC has established 
that molecular programs corresponding to My- 
Er-Mk fates can directly emerge in multipotent 
cells, arguing that cellular differentiation is not 
gradual and that myeloid differentiation can 
occur without progressing through an interme- 
diate CMP stage (6, 7, 13-17). Naik et al. have 
demonstrated that nearly half of the LMPP com- 
partment is biased toward dendritic cell commit- 
ment, a lineage previously thought to come from 
the CMP-to-GMP route (15). Molecular factors 
associated with Mk-Er differentiation have been 
shown to be active in LT-HSCs (73, 14), and pro- 
spective isolation of platelet-biased LT-HSCs 
strongly supports that this lineage is not derived 
from the CMP to MEP route (/6). Whether mo- 
lecular programs that regulate My-Er-Mk fates 
arise at the level of HSCs in humans is not 
known. It is important to understand where Er 
and Mk lineage branching occurs in the human 
hematopoietic hierarchy because these lineages 
comprise 99% of the cellular component of 
blood and represent the bulk of the 300 billion 
blood cells that turn over daily in humans. Map- 
ping the cellular origins of Er and Mk lineages in 
the human blood hierarchy represents a critical 
step to define the molecular basis of their fate 
commitment. 

The cellular road map describing the blood 
hierarchy has been built on two core experimental 


pillars: cell purification and clonal assays. Human 
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studies reporting on sorting schemes for the 
myelo-erythroid progenitor hierarchy (CMPs, GMPs, 
and MEPs) have often assumed that “marker- 
pure” subsets are synonymous with “functionally 
pure” subsets (9). In other words, each cell with- 
in the purified subset possesses the same differ- 
entiation potential (Fig. 1A, 1). This interpretation 
is primarily derived from clonogenic assessment 
of human CMPs, GMPs, and MEPs using standard 
CFC assays. In CFC assays, purified CMPs typically 
generate My, Er, or Mk colonies; GMPs give rise to 
My colonies only; and MEPs give rise to Er and/or 
Mks (9). Because CMPs displayed all lineage read- 
outs, whereas GMPs and MEPs did not, CMPs 
were interpreted as both marker-pure and func- 
tionally pure on the basis that the CFC assay 
was inefficient in being able to read out mixed 
differentiation potential. This reasoning under- 
pins the basic bifurcating scheme of human 
CMPs to GMPs and MEPs. However, an alternate 
interpretation exists if we assume that the CFC 
assay is actually efficient. In this case, human 
CMPs are phenotypically homogenous (e.g., marker- 
pure) but are functionally heterogeneous, con- 
sisting of diverse unipotent progenitors (Fig. 1A, 
2). This contention could only be proven if a new 
sorting strategy is able to isolate, in functionally 
pure form, each type of the unilineage progenitor 
from the starting CMP population. To distin- 
guish between the two alternatives, we need (i) a 
new sorting strategy for human myelo-erythroid 
progenitors, and (ii) a more sensitive assay to 
assess mixed cell potential. Until both scenarios 
can be experimentally resolved, there is consid- 
erable uncertainty that clouds the classical view 
of the human hematopoietic hierarchy. We at- 
tempted to address both of these issues by de- 
veloping a cell-sorting scheme and an optimized 
single-cell assay to efficiently read out My, Er, 
and Mk fates from putative multilineage cell types. 


Results 
Previously defined human MPPs, CMPs, 
and MEPs are heterogeneous 


We developed a cell-sorting scheme to examine 
the cellular heterogeneity within the CD34* com- 
partment of human blood. To a previous seven- 
parameter design (CD34, CD38, CD7, CD10, FLT3, 
CD45RBA, and Thyl) (1D), we distinguished HSCs 
from MPPs by adding CD49f (78); identified Er-Mk 
progenitors by adding cMPL (CD110) (19, 20) (des- 
ignated here as BAH1 to be consistent with the 
antibody clone used to detect this antigen) (27, 22) 
and CD71 (transferrin receptor); and distinguished 
B-lymphoid-committed progenitors from My pro- 
genitors, such as GMPs in the CD45RA* fraction, 
by adding CD19. Upon evaluation in human fetal 
liver (FL), neonatal cord blood (CB), and adult 
bone marrow (BM), this 11-parameter cell-sorting 
layout provided a high-resolution view of the phe- 
notypic heterogeneity that exists within CD34* 
cells across all developmental stages (Fig. 1B and 
fig. S1). 

Many distinct cell types, such as HSCs, MPPs, 
and MLPs, reside within the CD34*CD38 7/lo (sim- 
plified as CD34°CD38" herein) stem cell-enriched 
compartment of human blood. We investigated 


aab2116-2 


whether CD71 or BAH] expression corresponded 
to a known cell type within this compartment in 
the FL. About 10% of the FL CD34"CD38" expressed 
CD71, and half of these CD71" cells also expressed 
BAHI (fig. S1A, 2). Neither CD71 nor BAH1 was 
expressed on Thyl* HSCs (fig. S2A) or on CD45RA* 
MLPs (fig. S2B), which suggests that these mark- 
ers identify a different cell type within the MPP 
compartment. We redefined the current MPP com- 
partment into three fractions (F1, F2, and F3) 
on the basis of CD71 and BAHI1 expression: MPP 
FI cells were CD71 BAH1, MPP F2 cells were 
CD71*BAHI, and MPP F3 cells were CD71*BAH1* 
(Fig. 1B, vii). The expression of these molecules in 
the CD34*CD38" compartment was unexpected 
because the onset of Mk-Er lineage commitment 
according to the standard model occurs at the 


level of CMPs and MEPs that are found in the 
progenitor-enriched CD34*CD38* compartment. 
These data suggest that the detection of functional 
Er and Mk differentiation molecules on a subset 
of CD34*CD38° cells represents a unique Mk-Er 
branch point within the multilineage compartment. 

We next analyzed CD71 and BAH] expression 
in the CD34*CD38* progenitor compartment. Co- 
expression of FLT3 and the lymphoid antigen 
CD7 in FL CD34*CD38* cells (fig. S2C) indicated 
that CD7 expression is not exclusive to lymphoid 
progenitors as reported previously in CB (23). 
Thus, CD7-expressing cells were not excluded 
in our sorting layout. In lieu of CD7, we used 
CD10 expression to exclude Ly progenitors 
(Fig. 1B, i; fig. S1, 6). In the FL CD34*°CD38*CD10~ 
cell compartment, FLT3 and CD45RA expression 
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tions of human MPPs, CMPs, and MEPs. (A) A review 
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the clonal outputs from a sorted (marker pure) population of cells. In scenario 
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1, each cell within a marker-pure population has the potential to give rise to three functional outputs (a, b, 
and c) but only gives rise to one of them in the assay. Under this condition, diverse functional outputs from 
a marker-pure population are interpreted to be derived from a functionally homogeneous population of 
multilineage cells. In the alternate scenario 2, a marker-pure population is composed of three distinct 
unipotent cell types that give rise to lineages a, b, and c independently. Both of these scenarios can be 
reconciled with a better assay (right top) or better markers (right bottom). (B) The gating scheme of 
defining MPPs (CD34*CD38 Thyl CD45RA CD49f ), CMPs (CD34*CD38*CD10°FLT3*CD45RA ), and 
MEPs (CD34*CD38*CD10° FLT3CD45RA ) from a representative human FL sample is shown (black 
dashed arrows). MPPs, CMPs, and MEPs were further divided into Fl (CD71 BAHT ), F2 (CD71*BAHT ), 
and F3 (CD71*BAHI1*) (blue dashed arrows). Full gating scheme for FL, CB, and BM CD34* cells is 
presented in fig. Sl. (©) Summary of the new subsets used in this study. 
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was used to identify commonly defined CMPs 
(FLT3*CD45RA _), GMPs (FLT3*CD45RA*), and 
MEPs (FLT3 CD45RA ) (Fig. 1B, iii; fig. S1, 7). Ad- 
dition of CD71 and BAH1 to CMP and MEP pop- 
ulations uncovered phenotypic heterogeneity 
within these populations previously considered 
to be homogeneous. In line with the nomenclature 
we used for the redefined MPP compartment 
described above, CMP and MEP compartments 
were also subdivided into three fractions with 
CD71 and BAH] (FI, CD71 BAHT ; F2, CD71*BAHT ; 
F3, CD71*BAH1") (Fig. 1B, v to vii, and fig. SI, 
panels 8 and 10). We repeated the same analysis 
in CB and adult BM to determine whether CB 
and adult BM samples were similarly heteroge- 
neous. All the major cell populations identified 
in the FL were also observed in CB and BM, albeit 
to different degrees (table S1), indicating that the 
cellular heterogeneity uncovered by CD71 and 
BAHI existed across all developmental stages (fig. 
S1, B and C). Thus, previously defined human 
CMPs and MEPs that were considered homoge- 
neous are in fact phenotypically heterogeneous 
when Er and Mk markers are applied. 


In summary, previously defined MPPs, CMPs, 
and MEPs contain three distinct cellular fractions: 
FI, lacking CD71 and BAH]; F2, expressing CD71 
but lacking BAH1; and F3, expressing both mol- 
ecules. A total of 33 distinct cellular classes from 
FL, CB, and BM (11 per developmental stage) were 
functionally interrogated to evaluate their lineage 
fate potential. To facilitate the review of the re- 
sults below, a legend and complete phenotype is 
provided in Fig. 1C and table S1. 


An optimized single-cell assay for human 
My-Er-Mk progenitors 

To evaluate the functional potential of the cellular 
subsets identified above, we developed a single- 
cell in vitro assay that overcame the shortcomings 
of previous approaches to characterize human my- 
eloid progenitors. An ideal assay would support 
the ability of single cells to simultaneously com- 
mit along My, Er, and/or Mk fates, as well as to 
provide the conditions for their differentiated 
progeny to survive, propagate, and expand to 
permit detection. Standard MC assays do not 
strictly fulfill these criteria. For example, CD49f* 
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Fig. 2. Assessment of multilineage 

and unilineage cell potential of single 
CD34" cells from FL, CB, and BM. 
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Fig. 1C were deposited by fluorescence-activated cell sorting (FACS) and cultured for several weeks. 
Emergent clones were analyzed by flow cytometry for My, Er, and Mk lineages (Fig. 3A). To gain a global 
perspective of the functional differences between FL, CB, and BM, subsets were combined into one 
analysis of CD34* cells [(A) and (B)] or stem (CD34*CD38_) and progenitor (CD34*CD38"*) cell com- 
partments [(C) and (D)]. A single cell was defined as multilineage (black) when it gave rise to more than 
one lineage (any two of My, Er, or Mk) and unipotent when it gave rise to one lineage (My or Er or Mk) [(B) 
and (D)]. Overall cloning efficiency is shown in gray [(A) and (C)]. (E) Distribution of multilineage and 
unilineage cell potential from populations that lack CD71 and BAH-1 (F1) expression (shown by increasing 
differentiation: HSC > MPP Fl> CMP F1> MEP F1). Asterisks indicate significance based on Fisher's exact 
test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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HSCs exclusively generated CFU-My in MC (fig. 
S3A and supplementary text), yet single HSCs sus- 
tain multilineage hematopoiesis in vivo (/8). Also, 
the limited self-renewal potential of downstream 
progenitors makes them difficult to read out 
in vivo at clonal resolution, further highlighting 
the need to develop more sensitive in vitro meth- 
odology to assess the lineage potential of pro- 
genitors. We found that serum-free conditions 
supplemented with growth factors (SCF, FLT3, 
TPO, EPO, IL-6, IL-3, IL-11, GM-CSF, and LDL) 
and stroma were highly efficient at assaying My, 
Er, and Mk lineage potential from single CD34* 
cells. Single-cell-derived clones were analyzed by 
flow cytometry after a 2- to 3-week culture period 
for Mk (CD41 and CD42b), Er (GlyA), and My 
(CD14, CD15, and CD33) cells. One example of the 
efficiency of this new assay comes from the anal- 
ysis of the CD49f" HSC subset, which previously 
could not be read out in vitro as single cells (17). 
Under these new conditions, 77% of FL, 72% of 
CB, and 48% of BM single CD49f* HSCs were 
able to produce a clone (fig. S5A, left). Whereas 
only CFU-My were produced from HSC in MC, 
mixed clonogenic potential was now readily 
detectable with this assay. We used this assay 
to functionally map the lineage potential of all 
the newly defined CD34" subsets from all three 
developmental time points. 


Unipotent progenitors dominate the 
blood hierarchy by adulthood 


To gain a global perspective of the functional dif- 
ferences in the blood hierarchy across ontogeny, 
we first combined all 11 CD34" subsets from each 
developmental time point into one analysis of 
nearly 3000 single cells. Cloning efficiency was 
highest for FL and decreased gradually in CB and 
BM (FL, 74%; CB, 69%; BM, 55%) (Fig. 2A). A 
simple stratification based on whether a single 
cell gave rise to one (unilineage) or more (multi- 
lineage) cell lineages revealed that 40% of FL 
CD34" cells were multilineage compared with 27% 
of CB (P< 10°, Fisher’s exact test) and 18% of BM 
(P < 10°, Fisher’s exact test) CD34" cells (Fig. 2B). 
Thus, the ratio of multilineage to unilineage pro- 
genitors changes en bloc in development within 
the CD34" population, a result that is independent 
of the complex marker scheme that we used. 

To continue exploring the organizational rela- 
tionships of progenitors across developmental 
time points, we investigated the proportion of 
multilineage to unilineage cells in the stem-cell- 
enriched (CD34*CD38 ) and the progenitor-enriched 
(CD34*CD38") subsets. Within CD34*CD38° cells, 
FL and CB had a significantly higher proportion 
of multilineage cells compared with BM (FL versus 
BM: 48.6% versus 32.9%, P = 0.0016; CB versus 
BM: 46.1% versus 32.9%, P = 0.011; Fisher’s exact 
test). These proportional differences were more 
pronounced in the CD34*CD38"* progenitor com- 
partment. In CD34*CD38" cells, BM displayed a 
factor of 3 fewer multilineage cells compared with 
FL (FL, 28.8%; CB, 17.3%; BM, 9.6%; P < 0.0001, 
Fisher’s exact test) (Fig. 2, C and D). Thus, both the 
stem and progenitor compartments from each 
developmental stage exhibited a proportional 
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change in the percentage of multilineage cell 
types. 

Next, we localized the differentiation stages 
most affected by the loss of multilineage progen- 
itors. We reasoned that HSCs and subsets that lack 
differentiation markers CD71 and BAH1 (MPP F1, 
CMP FI, and MEP F1) would be enriched for cells 
with multilineage cell potential. Notably, in FL, 
the ratio of multilineage to unilineage progenitors 
remained nearly constant across these subsets 
(Fig. 2E). By contrast, only HSC and MPP F1 sub- 
sets from CB and BM were highly enriched for 
multilineage cells, whereas their corresponding 
CMP/MEP Fis were composed mostly of uniline- 
age cell types (Fig. 2E; P < 0.05, Fisher’s exact test). 
In BM, virtually all multilineage cells were re- 
stricted to the CD34*CD38° stem cell compart- 


ment (Fig. 2E; P < 0.05, Fisher’s exact test). Hence, 
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Fig. 3. Lineage analysis of single-cell clones from subfractions of MPP, 
CMP, and MEP populations. (A) Single-cell clones were analyzed by flow cy- 
tometry and binned into five distinct lineage outcomes. Erythroid clones were 
defined as GlyA* only (Er only). Myeloid clones were identified as GlyA CD41- 
but CD45*CD11b* (My only). Erythroid-megakaryocyte clones were defined as 
GlyA* and CD41* but negative for CD11b (Er/Mk). Mix clones were defined My 
and Er or Mk (column 4) or My, Er, and Mk (column 5). (B) Cloning efficiency 
and lineage outcomes of single cells from newly defined MPP, CMP, and MEP 
fractions (F1, F2, and F3) from FL, CB, and BM. (C) Total Mk output (CD41*) from 


aab2116-4 8 JANUARY 2016 + VOL 351 ISSUE 6269 


Er/Mk 


multilineage cell potential extends into the pro- 
genitor compartment in FL, but in BM, this poten- 
tial is restricted to the CD34*CD38° stem cell 
compartment. In parallel, the progenitor compart- 
ment in BM is dominated by unilineage cell types. 


MKk-Er lineage branching in the blood 
hierarchy is developmentally defined 


To gain a detailed understanding of the differen- 
tiation potential of each progenitor subset iden- 
tified by our sorting scheme applied to FL, CB, 
and BM, we classified the functional potential of 
each single cell in our data set. Five distinct clo- 
nal outputs were classified: Mk only, Er only, My 
only, Mk/Er, and mixed (bipotent, Er/My or Mk/My; 
tripotent, Er/Mk/My) (Fig. 3A). The cloning ef- 
ficiency of all subsets was high in MPP, CMP, and 
MEP fractions (50 to 80%) (Fig. 3B and fig. S5A). 
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The highest percentage of mixed clones was 
found among the HSC subsets (FL, 46.1%; CB, 
49.3; BM, 33.3%) (fig. S5A), except in BM, where 
MPP Fi harbored higher mixed clone potential 
than HSC (51.9%), although this was not signif- 
icant (BM HSC versus MPP F1: P = 0.1, Fisher’s 
exact test) (Fig. 2E). FL HSC and MPP FI! subsets 
had a statistically higher distribution of tripotent 
versus bipotent mixed clones compared with CB 
and BM HSC and MPP FI (fig. S5B). In FL and CB, 
Mk-Er-only clones appeared at the MPP F1 stage 
(FL, 29% of total; CB, 18% of total) (Fig. 3B, column 
1, row 1). In BM, Mk-Er clones from MPP F1 were 
rare (~2%); rather, 15% of all clones from this 
subset were Er-only. Mk activity from BM MPP F1 
was detected as a component of mixed clones 
that also contained My cells (further discussed 
below). 
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all newly defined subsets from FL, CB, and BM. Bars indicate mean + SE. Total 
number of independent experiments: n = 3, 6, and 4 for FL, CB, and BM, 
respectively. The dotted line defines the threshold for detecting positive Mk 
lineage potential from a sorted fraction due to analytical noise that arises from 
single clone flow cytometry. (D) Three-dimensional summary of lineage 
outputs (My, Er, and Mk) from all cellular subsets in FL, CB, and BM presented 
in (B). (E) Pictorial depiction of the predominant lineage outcomes from stem 
(CD34*CD38°) and progenitor (CD34*CD38") cell compartments in FL and 
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We next interrogated the CD34*CD38* com- 
partment. Based on the classical view of the blood 
hierarchy, we would expect that true CMPs reside 
in a subset that lacks expression of differentiation 
markers such as CD71 and BAHI1 (CMP F1). Only 
15% of FL and CB CMP FI clones were mixed, and 
no mixed clones from this subset were detected in 
BM (Fig. 3B, column 1, row 2). Thus, we conclude 
that previously defined BM CMPs are not homo- 
geneous for cells with multilineage My-Er-Mk 
potential; rather, they are heterogeneous and 
composed of subpopulations of unilineage My, Er, 
and Mk progenitors (Fig. 3B, row 2). To determine 
whether the small percentage of mixed clones 
from FL and CB CMPs F1 population were derived 
from bona fide CMPs, we evaluated their My-Er-Mk 
potential. More than 80% of the mixed clones 
from FL and CB were bipotent (either Er/My or 
Mk/My) without concurrent Mk-Er-My potential 
(fig. S5C). These data demonstrate that bona fide 
CMPs are a rare component of the human hem- 
atopoietic tree, irrespective of developmental stage. 

MC and megacult colony assays indicated that 
subsets defined by CD71 and BAHI1 expression 
(F2 and F3) were highly enriched for Mk and Er 
activity (fig. S3, Ato D, and supplementary text). 
However, these assays cannot formally rule out 
that Er and Mk potential was derived from inde- 
pendent unilineage progenitors. We first tracked 
Mk-Er activity from single cells within the MEP 
subsets (MEP FI through F3) (Fig. 3B, row 3). MEP 
F1 was highly heterogeneous across developmen- 
tal time points and composed mostly of My pro- 
genitors in FL and BM (60% or more) (Fig. 3B, 
column 1, row 3) that functionally resemble other 
F1 subsets from MPPs and CMPs. In CB and BM, 
~70% of clones from MEP F2 were Er-only, and 
10% or less were MK-Er clones (Fig. 3B, column 2, 
row 3). MEP F2 is likely the subset within clas- 
sical MEPs that gave rise to low-level Mk colonies 
in previous studies. MEP F3, the numerically dom- 
inant cell population within the classical MEPs, 
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uniformly produced Er-only clones in FL, CB, and 
BM (Fig. 3B, column 3, row 3). Thus, classically 
defined MEPs are principally composed of Er- 
only progenitors when analyzed at single-cell 
resolution and are not Mk-Er progenitors as pre- 
viously thought. 

As only rare cells within the MEP fractions give 
rise to Mks, Mk potential must lie elsewhere in 
the blood hierarchy. We found that most Mk-Er 
activity came from the CD34*°CD38° stem cell 
compartment (fig. S3C) and was particularly 
enriched within one of our newly defined MPP 
subsets (Fig. 3B, column 2, row 1). In FL, 60% of 
clones from MPP F2 were of Mk-Er type, and the 
remainder of this subset was composed of Mk- 
only or Er-only clones (Fig. 3B, column 2, row 1). 
Notably, Mk activity was enriched but not re- 
stricted to the stem cell compartment in the FL. 
Because we did not find strong evidence for FL 
CMPs, we expect that FL Mk-Er progenitors arise 
from the stem cell compartment, specifically from 
MPP F2. In CB and BM, Mk-Er clones represented 
one-quarter of the total clonal output from this 
subset (Fig. 3B, column 2, row 1), and the rest 
were Er-only clones. In CB—and more evident in 
BM—Mks predominantly emerged as part of 
mixed clones from HSCs and MPP FI, supporting 
the hypothesis that Mk branching occurs directly 
from a multipotent cell, as predicted by the murine 
studies (7). These data suggest that both Mk-Er 
and multilineage potential are restricted to the 
stem cell compartment by adulthood, whereas 
unilineage fates predominate the progenitor com- 
partment, forming a simple “two-tier” hierarchy, 
with few intervening oligopotent intermediates 
(Fig. 3, D and E). 


In vivo analysis establishes hierarchical 
relationships between 
progenitor subsets 


In the blood hierarchy, cell types near the peak of 
the hierarchy, such as HSCs and MPPs, are rarer 


CMP 


MEP 
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but possess higher proliferative potential. Line- 
age differentiation typically correlates with loss 
of proliferative potential. Although HSC and MPP 
subsets (F1 to F3) are minor populations, they 
yielded 5 to 10 times as many cells compared with 
more abundant populations from the CMP and 
MEP subsets in vitro (fig. S6A). 

We then transplanted our cellular subsets 
in vivo and measured graft durability and size, 
as well as its lineage composition, to establish the 
hierarchical relationships of our newly defined 
progenitor subsets. Due to tissue availability, only 
CB was used. Because there are limited data on 
the engraftment capacity of human progenitors 
in the NOD-Scid-I2rg™™! (NSG) model, we first 
scrutinized the repopulation kinetics of human 
blood cells in this model. Using HSCs, we ob- 
served low-level lymphomyeloid as well as erythro- 
megakaryocytic engraftment as early as 2 weeks 
after transplant (fig. S6, B and C), consistent with 
previous studies using NOD-Scid mice (24). We 
used 2 weeks as the standpoint from which to 
assess progenitor cell engraftment in vivo. One 
thousand CMP FI cells and 3000 MEP F1 cells 
generated a myelo-erythroid restricted graft that 
did not persist beyond 2 weeks (Fig. 4A, column 
3 and 5, and fig. S6E). By contrast, 200 MPP F1 
cells were able to sustain a robust and systemic 
multilineage graft (My-Er-Ly) beyond 2 weeks, 
consistent with the functional potential of true 
MPPs (Fig. 4A, column 1; Fig. 4B; and fig. S6E) (78). 

To gather enough cell numbers for in vivo de- 
tection of Er-enriched subsets, we combined the 
F2 and F3 subsets from MPPs, CMPs, and MEPs 
for transplantation because they shared similar 
functional potential in vitro. The combined F2/F3 
subsets from MPPs, CMPs, and MEPs all gave 
rise to prominent Er grafts in vivo, concordant 
with their in vitro potential (Fig. 4A, columns 2, 
4, and 6; and fig. S6D, top panels). MPP F2/F3 
cells were highly proliferative and generated a 
robust Er graft with only 400 transplanted cells 
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Fig. 4. In vivo potential of progenitor subsets. (A) Freshly sorted populations from CB were intrafemorally transplanted into sublethally irradiated NSG mice. 
Bone marrow from injected femur and noninjected bones were analyzed by flow cytometry 2 weeks after transplant. The average transplanted cell dose is shown 
at the bottom of the flow plot. Top row indicates Er engraftment (GlyA*CD71*). Bottom row indicates total human leukocyte engraftment (CD45*). B-lymphoid 
cells and My cells were detected using CD19 and CD33, respectively. (B) Kinetic analysis of engraftment from progenitor subsets. Mean levels of Er (GlyA*CD71") 


and total human cell engraftment (CD45*) are shown. 
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(Fig. 4A, column 2), whereas CMP F2/F3 and 
MEP F2/F3 required cell doses higher by a factor 
of 5 to 25 to generate an in vivo graft (Fig. 4A, 
columns 4 and 6). Although platelets were dif- 
ficult to detect in vivo from progenitor subsets, 
we did observe them in rare mice engrafted with 
either MPP F1 or MPP F2/3 cells (fig. S6C). Only 
MPP F2/F3, but not CMP F2/3 and MEP F2/3, 
were able to migrate systemically to nontrans- 
planted bones and resemble the proliferative po- 
tential of MPP FI (fig. S6E). When combined with 
the in vitro analyses of these subsets, these in vivo 
experiments support that Mk-Er-enriched MPP 
F2/F3 are derived from HSCs or MPPs directly 
without invoking a lineage route via a CMP 
intermediate. 


A transcriptionally defined erythroid 
progenitor subnetwork in the 
CD34 hierarchy 


Lineage commitment coincides with the expres- 
sion of key molecules that aid to “lock in” a dif- 
ferentiation program (25). Using low-cell-input 
RNA-sequencing methodology (26), we first ana- 
lyzed the expression profile of canonical lineage 
factors in bulk CB subsets. Genes associated with 
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Fig. 5. Single-cell gene expression profiling of FL and BM subsets. (A) Single cells 


My specification, such as MPO and CSF2RA (GM- 
CSFR), were highly expressed in GMPs, whereas 
genes associated with the Er lineage, such as 
GATA-1 and EPOR, were highly expressed in F2/F3 
subsets from MPP, CMP, and MEP populations 
(fig. S7A). Mk differentiation markers, CD41 
UTGA2B) and CD42b (GPIBA), were highly ex- 
pressed in MPP F2, in line with the functional 
potential of this subset. These data provide an 
independent line of evidence that committed Mk 
progenitors reside within the stem cell compart- 
ment. Low-level expression of CD41 and CD42b 
was also detected in MPP F3 and MEP F2, con- 
sistent with the residual Mk activity from these 
CB subsets (fig. S7A). 

Unsupervised hierarchical clustering and prin- 
cipal component analysis of the entire data set 
revealed two major molecular subgroups: those 
with Er-enriched potential (MPP, CMP, and MEP 
F2/F3), and another with multilineage (HSC or 
MPP F1) or My-enriched potential (CMP F1 or 
MEP F1) (fig. S7B). F2 and F3 subsets within MPP, 
CMP, and MEP populations clustered together, 
suggesting that these pairs are more closely related 
within each broader compartment (fig. S7Bi). Due 
to their close transcriptional and functional rela- 


an 


tionship, we merged F2 and F3 subsets from MPP, 
CMP, and MEP subsets to compare global tran- 
scriptional differences among these Er-enriched 
subsets. We found that 230 genes were differen- 
tially expressed between MPP (F2/F3) versus CMP 
(F2/F3), and 52 genes between CMP (F2/F3) versus 
MEP (F2/F3). These differentially expressed genes 
were highly enriched in the cell cycle and DNA 
replication and metabolic processes, and coincide 
with the extensive proliferation that Er progeni- 
tors undergo during specification (fig. S7C). These 
data reinforce the idea that the close functional 
relationship between Mk-Er and Er enriched sub- 
sets is likely due to shared molecular programs. 
Molecular heterogeneity among single cells 
within a purified subset is commonly lost in a 
population-level analysis. We tracked the expres- 
sion of key lineage factors among single cells in 
our progenitor subsets. Only FL and BM were 
used in this experiment because they represent 
the two ends of the development time points used 
in this study. In both FL and BM, single cells from 
F2 and F3 from MPPs, CMPs, and MEPs displayed 
a dominant Er gene expression program, often co- 
expressing both GATAI and EPOR genes in the 
same cell (Fig. 5A and fig. S7D). Our sorting method 


a 


“wt I. 


F2 


from FL (top) and BM (bottom) subsets were sorted and analyzed for expression of 
genes associated with My, Er, and Ly lineages (Shown on right) on the Fluidigm platform. My, Er, or Ly gene clusters are shown as dashed boxes. (B) Percentage 
of single cells that coexpress GATAI and EPOR in F2 and F3 from MPP, CMP, and MEP subsets. BM and FL F2 and F3 subsets were combined in this analysis. 
(C) A theoretical subnetwork of Er progenitors within the CD34* compartment. 
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can essentially resolve the Er-committed pro- 
genitors within the CD34* hierarchy. We observed 
that GATAI expression was present among most 
single cells in MPP F2 and MPP F3, but EPOR 
expression was only present in a subset of GATAI- 
positive cells (Fig. 5, A and B). Because GATAI 
precedes EPOR expression in Er differentiation, 
MPP F2/F3 cells represent the earliest erythroid 
differentiation precursor in the human blood 
hierarchy. The percentage of single cells that co- 
expressed GATAI and EPOR increased in pro- 
portion among F2 and F3 subsets from MPPs, 
CMPs, and MEPs in both FL and BM (Fig. 5B). 
These molecular factors are considered a sur- 
rogate of the degree of Er differentiation (Fig. 
5B). When considered jointly with our in vitro 
and in vivo analyses, these subsets are already 
Er-specified but vary mostly in their proliferative 
potential. We hypothesize that these subsets com- 
pose a hierarchical subnetwork of Er progenitors 
within the CD34* compartment (Fig. 5C). A can- 
didate network map is shown in Fig. 5C. Because 
erythrocytes comprise nearly 99% of all blood cells, 
this network may offer a high degree of flexibility 
to synthesize erythrocytes under homeostatic and 
emergency erythropoiesis without HSC input. 


Dramatic loss of Er progenitors 
compared with My progenitors in a 
hematologic condition of HSC deficiency 


Recent HSC fate-mapping analyses in mice have 
provocatively shown that progenitors, but not 
HSCs, are fundamental for ongoing hematopoiesis 
under homeostatic conditions (27, 28). Physiolog- 
ical studies to experimentally test this question 
are not possible in normal human subjects. How- 
ever, certain disease states permit a glimpse into 
the consequences of HSC loss on progenitors and 
may shed light on the role of HSCs in human 
blood synthesis under nontransplant conditions. 
In aplastic anemia (AA), HSCs are damaged, likely 
due to an autoimmune response, and are unable 
to contribute to ongoing hematopoiesis (29, 30). 
This effect seems to be specific to HSCs, because 
all mature blood lineages are depressed in AA 
(31-33). We examined the progenitor hierarchy in 
three cases of AA by applying our sorting scheme 
(Fig. 6). Consistent with previous reports, the pro- 
portion of CD34* cells within the overall mono- 
nuclear cell (MINC) pool was significantly lower 
in AA compared with normal BM (0.1% versus 
4.2%, P < 0.0001, t test) (Fig. 6B) (31, 32). The 
CD34*CD38° stem cell compartment in AA pa- 
tients was more significantly depleted compared 
with the CD34*CD38* progenitor compartment 
(Fig. 6A, left column, and Fig. 6, C and D). Moreover, 
HSCs and MPPs were virtually undetectable in the 
residual CD34*CD38° compartment, confirming 
that HSCs are specifically lost in this clinical con- 
dition (Fig. 6A, column 2), at least at the pheno- 
typic level. Despite the loss of phenotypic HSCs, 
the CD34*°CD38* compartment was detectable in 
all cases. We quantified the subsets within the 
CD34*CD38* compartment to determine whether 
all cell types are indiscriminately affected. Based 
on our single-cell functional readouts, we grouped 
progenitors enriched for myeloid (CMP F1, MEP 
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Fl, and GMP) and erythroid (CMP F2/F3 and 
MEP F2/F3) differentiation potential to increase 
the power of the analysis due to relative loss of 
CD34" cells in AA. Despite significant depletion 
of HSCs, the percentage of myeloid progenitors 
was stable compared with normal BM (Fig. 6E). 
In contrast, erythroid progenitors were significant- 
ly lost, like HSCs, in all three patients analyzed 
(Fig. 6F, P < 0.0001, ¢ test). These results suggest 
that ongoing erythropoiesis is more reliant on 
HSC input compared with myelopoiesis. Although 
we cannot rule out a specific Er lineage defect in 
AA, the pan-lineage deficiencies observed in AA 
likely rule out this possibility and support the idea 
that the Er progenitor loss is most likely a reper- 
cussion of HSC depletion. Because all HSC types 
and MPPs seem to be broadly lost in AA, our 
results cannot distinguish which type of HSC is 
crucial to maintain erythropoiesis. Recognizing 
that hematopoiesis in AA is not normal, the re- 
vised hierarchy model predicted from our exper- 
imental data does appear to have physiological 
relevance in the human setting. 


Discussion 


Our study challenges the current view that human 
blood development occurs progressively through 
a series of multipotent, oligopotent, and then 
unilineage progenitor stages. By subjecting the 
classically defined progenitor subsets to a sorting 
scheme that efficiently resolved My, Er, and Mk 


A 


lineage fates, combined with single-cell functional 
analysis, we made two findings. First, we found 
that the cellular hierarchy of human blood is not 
identical across development. In FL, oligopotent 
progenitors with My-Er-Mk and Er-Mk activity 
were a prominent component of the hierarchy. 
By contrast, the BM was dominated by unilineage 
progenitors with primarily My or Er potential. 
This shift in progenitor classes demarcates a fun- 
damental readjustment in the blood hierarchy 
during in utero to adulthood time points. The ab- 
sence of oligopotent intermediates that become 
gradually restricted to unilineage progenitors in 
BM cannot be reconciled under the standard 
model of blood differentiation. Instead, our data 
support a hierarchy composed mainly of two tiers 
in adults: a top tier that contains multipotent 
cells such as HSCs and MPPs, and a bottom tier 
composed of committed unipotent progenitors 
(Fig. 7). We cannot formally rule out the presence 
of a highly transient adult CMP-like progenitor 
stage that exists when multipotent cells differen- 
tiate into unipotent progenitors; however, our 
in vitro and in vivo assays surveyed large cell num- 
bers (~3000), and such a progenitor was not detected. 
If lineage-restricted cell types able to generate a 
subset or full spectrum of myeloid cells do exist 
in the stem cell compartment of adult marrow, 
they most probably represent the murine coun- 
terparts of myeloid-biased or myeloid-restricted 
HSC subtypes (7, 34). Second, we found the origins 
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Fig. 6. Analysis of My and Er progenitors in patients with AA. (A) To examine the consequences of 
HSC loss on progenitor subsets, BM cells from three AA patients and normal controls were subjected to 
the new sorting design shown in Fig. 1B. Representative flow plots from a single AA case and a control are 
shown. (B) Quantification of total CD34" cells as a fraction of MNC pool from controls (empty bars) versus 
AA (filled bars). (C and D) The CD34* subset from controls and AA was further subdivided into the stem 
(CD34*CD38) and progenitor (CD34*CD38"*) cell compartments. (E) Analysis of My-enriched subsets 
(CMP F1, MEP F1, and GMP) in controls and in AA. (F) Analysis of Er-enriched subsets (CMP F2/F3 and 
MEP F2/F3) in controls and in AA. Bars indicate mean + SE from three controls and three cases of AA. 
Asterisks indicate significance based on t test (**P < 0.01, ****P < 0.0001). 
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of the Mk lineage branch change from FL to BM. 
In FL, Mk progenitors were enriched but not 
restricted to the stem cell compartment, whereas 
in BM, the Mk lineage was closely tied to the fate 
of multipotent cells. These data are not consistent 
with the principal tenet of the standard model 
that My, Er, and Mk lineages originate from a 
common lineage progenitor such as CMP. 
Historically, the first major lineage bifurcation 
step in the blood hierarchy was considered to be 
the segregation of myeloid (My-Er-Mk) and lymph- 
oid fates (B, T, or Nk), with CMPs occupying the 
lineage fork that gives rise to the entire myeloid 
arm. The coemergence of My, Er, and Mk line- 
ages was central to the description of CMPs. Our 
results reveal that the originally defined CMPs are 
highly heterogeneous, primarily composed of uni- 
potent My or Er progenitors, with little Mk activity. 
In the absence of CMPs, how can the origins of 
lineage-restricted progenitors such as GMPs and 
MEPs be reconciled? Our previous clonal analysis 
suggested that myelomonocytic lineages originate 
from MLPs, which we suspect are the most pro- 
bable precursor of GMPs, owing to their shared 
functional and transcriptional profiles (11, 12, 35). 
In this study, we found that GATA-I-positive 
Mk-Er-committed progenitors exist in the stem 
cell compartment, suggesting that MEPs are derived 
from multipotent cells. In the murine bone mar- 
row niche, up to a quarter of LT-HSCs lie directly 


standard model 


redefined model 


adjacent to Mks (36-38). Mks play a dual role in 
HSC regulation. Under normal conditions, Mk-HSC 
contact is essential to preserve the quiescent 
nature of adult LT-HSCs. After myeloablation, this 
effect is temporarily abrogated and Mks secrete 
growth factors that permit HSCs to expand (37). 
Thus, direct differentiation of Mks from HSCs 
may represent a physical mechanism to regulate 
blood stem cell functionality in the niche. Overall, 
the first major bifurcation step in blood differen- 
tiation is far more complex than a simple seg- 
regation of myeloid and lymphoid lineages. In 
humans, we suspect that this first step splits the 
Mk-Er lineage from the myelomonocytic lineage 
that cosegregates with the lymphoid fate (17). Why 
the myelomonocytic lineage, but not the granulocytic 
lineage, is tied to the lymphoid fate will be a crit- 
ical area of future investigation (39, 40). The ability 
to isolate developmental populations reported here 
provides a critical experimental framework to 
facilitate such studies in humans. 

Our data may also have implications for our 
understanding of lineage specification at the mo- 
lecular level. vWF, a key molecular marker strong- 
ly associated with Mk differentiation, was expressed 
in a subset of BM HSCs and may identify an HSC 
subtype primed for platelet production as shown 
in mouse (J6). Molecular factors involved in Mk 
(oWF), Er (EPOR), and My (CSF2RA) differenti- 
ation were expressed in small pockets of single 
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Fig. 7. A model of the changes in human My-Er-Mk differentiation that occur across developmen- 
tal time points. Graphical depiction of My-Er-Mk cell differentiation that encompasses the predominant 
lineage potential of progenitor subsets; the standard model is shown for comparison. The redefined model 
proposes a developmental shift in the progenitor cell architecture from the fetus, where many stem and 
progenitor cell types are multipotent, to the adult, where the stem cell compartment is multipotent but the 
progenitors are unipotent. The grayed planes represent theoretical tiers of differentiation. 
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cells from undifferentiated cells, like BM HSCs, in 
a near mutually exclusive manner. This is con- 
sistent with the notion that transcription factors 
(TFs) associated with myeloid lineage specifi- 
cation are individually but not simultaneously 
primed at the level of stem cells. It is difficult to 
preclude that this type of molecular heterogene- 
ity reflects impurities in human HSC isolation. 
However, analysis of purer murine HSC compart- 
ments supports that molecular factors associated 
with lineage commitment are stochastically acti- 
vated at the level of HSCs (16, 77). Maintenance of a 
multipotent state is thought to occur via low-level 
lineage priming, where TFs of different lineages 
are coexpressed in the same cell. In this model, 
commitment toward a particular lineage occurs 
by the mutual antagonism of these TFs, where 
one TF eventually wins, locking in a differentia- 
tion program. However, the near mutually exclu- 
sive expression of vWF, CSFR2A, and EPOR in 
BM HSCs does not agree with this logic. The hy- 
pothesis that lineage commitment occurs in the 
absence of a coordinated differentiation program 
(17, 25, #1) is more consistent with our data. 

Ultimately, a better understanding of normal 
blood differentiation programs will be critical to 
deciphering how such programs go awry in dis- 
ease. Indeed, in AA, we observed that Mk-Er 
progenitors are lost alongside HSC, but the My 
progenitor pool can continue to persist. Recent 
evidence from murine in situ tracking expriments 
showed that My progenitors can be sustained 
long term without contribution from HSCs (27, 28). 
If human My progenitors are similarly long- 
lived, they would have a higher probability of 
acquiring mutations that could lead to clonal 
expansion and eventual My lineage leukemias. 
The short-lived nature of Mk-Er progenitors and 
their dependency on HSC input reduce their 
probability of accumulating enough mutations 
leading to leukemia. Clinical evidence that acute 
leukemia of the Mk and Er lineages is extremely 
rare compared with My leukemia is consistent 
with this idea. Our work on AA highlights one 
example of the clinical utility of a high-resolution 
developmental road map of normal hematopoi- 
esis. The adaptable nature of our new sorting 
scheme should similarly inform on other hema- 
tological conditions. 
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INTRODUCTION: On 25 April 2015, the Gorkha 
earthquake [magnitude (M) 7.8] struck Nepal, 
followed by five aftershocks of =M 6.0 until 
10 June 2015. The earthquakes killed ~9000 peo- 
ple and severely damaged a 550 by 200 km 
region in Nepal and neighboring countries. 
Some mountain villages were completely de- 
stroyed, and the remote locations, blocked 
roads, and landslide-dammed rivers prevented 
ground access to many areas. 


RATIONALE: Our “Volunteer Group” of sci- 
entists from nine nations, motivated by hu- 


Downdrop 


Kathmandu, 
SZ 


manitarian needs, focused on satellite-based 
systematic mapping and analysis of earthquake- 
induced geohazards. We provided information 
to relief and recovery officials as emergency 
operations were occurring, while supported 
by one of the largest-ever NASA-led campaigns 
of responsive satellite data acquisitions over 
a vast disaster zone. Our analysis of geo- 
hazards distribution allowed evaluation of 
geomorphic, tectonic, and lithologic controls 
on earthquake-induced landsliding, process 
mechanisms, and hazard process chains, par- 
ticularly where they affected local populations. 


B Pre-earthquake 2012 


C Post-earthquake 2015 


Landslide distribution and effects of a huge landslide. (A) Landslides (purple dots) are con- 
centrated mostly north of the tectonic hinge-line. Also shown are the epicenters of the main shock 
and largest aftershock. Displacements are from the JAXA ALOS-2 ScanSAR interferogram (21 Feb 
and 2 May 2015 acquisitions). (B and C) Before-and-after photographs obtained by D. Breashears 
in Langtang Valley showing complete destruction of a large part of Langtang village by a huge 


landslide. 
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RESULTS: We mapped 4312 coseismic and 
postseismic landslides. Their distribution 
shows positive associations with slope and 
shaking intensity. The highest areal densi- 
ties of landslides are developed on the down- 
dropped northern tectonic block, which is 
likely explained by momentary reduction of 
the normal stress along planes of weakness 
during downward acceleration. The two largest 
shocks bracket the high-density landslide 
distribution, the largest magnitudes of the 
surface displacement field, and highest peak 
ground accelerations (PGAs). Landslides are 
heavily concentrated where PGA was >0.6g 
and slope is >30° Additional controls on 

landslide occurrence are 
indicated by their cluster- 
Read the full article ing near earthquake epi- 
at http://dx.doi. centers and within specific 
org/10.1126/ lithologic units. The pro- 
science.aac8353 duct of PGA and the sine 
Se ee cle A er of durtice- dope (denned 
as the landslide susceptibility index) is a 
good indicator of where most landslides oc- 
curred. A tail of the statistical distributions of 
landslides extends to low values of the 
landslide susceptibility index. Slight earth- 
quake shaking affected vulnerable materials 
hanging on steep slopes—such as ice, snow, 
and glacial debris—and moderate to strong 
shaking affected poorly consolidated sedi- 
ments deposited in low-sloping river val- 
leys, which were already poised near a failure 
threshold. In the remote Langtang Valley, 
some of the most concentrated destruction 
and losses of life outside the Kathmandu 
Valley were directly due to earthquake- 
induced landslides and air blasts. Complex seis- 
mic wave interactions and wave focusing may 
have caused ridgetop shattering and landslides 
near Langtang but reduced direct shaking 
damage on valley floors and at glacial lakes. 


CONCLUSION: The Gorkha earthquake took 
a tremendous, tragic toll on human lives 
and culture. However, fortunately no damag- 
ing earthquake-caused glacier lake out- 
burst floods were observed by our satellite 
analysis. The total number of landslides was 
far fewer than those generated by compa- 
rable earthquakes elsewhere, probably be- 
cause of a lack of surface ruptures, the 
concentration of deformation along the sub- 
surface thrust fault at 10 to 15 km depth, 
and the regional dominance of competent 
high-grade metamorphic and intrusive igne- 
ous rock types. m 
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The Gorkha earthquake (magnitude 7.8) on 25 April 2015 and later aftershocks struck 
South Asia, killing ~9000 people and damaging a large region. Supported by a large 
campaign of responsive satellite data acquisitions over the earthquake disaster zone, 
our team undertook a satellite image survey of the earthquakes’ induced geohazards in 
Nepal and China and an assessment of the geomorphic, tectonic, and lithologic controls 
on quake-induced landslides. Timely analysis and communication aided response and 
recovery and informed decision-makers. We mapped 4312 coseismic and postseismic 
landslides. We also surveyed 491 glacier lakes for earthquake damage but found only 
nine landslide-impacted lakes and no visible satellite evidence of outbursts. Landslide 
densities correlate with slope, peak ground acceleration, surface downdrop, and specific 
metamorphic lithologies and large plutonic intrusions. 


n 25 April 2015 and over the next several 

weeks, a major series of displacements oc- 

curred ~15 km deep along the buried Main 

Himalayan Thrust without breaking the 

surface (J-3). The main shock of the Gorkha 
earthquake [magnitude (M) 7.8, U.S. Geological 
Survey (USGS); epicenter 28.147°N, 84.708°E] 
was followed by ~257 aftershocks of >M 3.0, in- 
cluding five => 6.0 between 25 April and 10 June 
2015. On 12 May, aM 7.3 aftershock struck ~150 km 
ENE of the main shock. The largest earthquakes 
caused a wide swath of casualties and destruction 
in Nepal and adjacent India, China, and Bangladesh. 
Some mountain villages were shaken to complete 
destruction (4), buried by avalanches and land- 
slides, or destroyed by powerful avalanche and 
landslide air blasts. The remote locations and 
blocked roads and rivers meant that ground crews 
could not immediately access many Himalayan 
valleys. 

We adopted a satellite-based approach to ex- 
amine the vast damaged region. Satellite imagery 
was provided by NASA, DigitalGlobe, the Japan 
Aerospace Exploration Agency (JAXA), MacDonald 
Dettwiler and Associates (MDA), Planet Labs, Spot 
Image, and the China National Space Administra- 
tion, including imagery triggered by the Interna- 
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tional Charter: Space and Major Disasters (www. 
disasterscharter.org). A “Volunteer Group” of ana- 
lysts from nine nations was organized by the 
University of Arizona under the auspices of Global 
Land Ice Measurements from Space (GLIMS) (5) 
initially to assess priority hazard situations and 
then to build a landslide inventory (6). The group 
contributed their input of mapped geohazards to 
a broad ad hoc NASA-led interagency “Response 
Team.” We scrutinized optical imagery, ranging 
from 15 to <1m resolution, from Landsats 7 and 8; 
the Advanced Spaceborne and Thermal Emission 
and Reflection Radiometer (ASTER) onboard Ter- 
ra; Advanced Land Imager on EO-1; WorldView-1, 
-2, and -3; GeoEye-1; Pleiades; and Gaofen-l (table 
Sl) and used radar data from ALOS-2 and 
RADARSAT-2 and topography from the Shuttle 
Radar Topography Mission (SRTM). Landslides 
not detectable at these scales would generally have 
lesser human consequences than would larger 
landslides. 

The Response Team, including the Volunteer 
Group, undertook one of the broadest and fastest 
international emergency remote sensing and data 
analysis campaigns ever led by NASA for any 
earthquake-affected region (7-9). Parallel, but 
independent, landslide-mapping efforts have been 


undertaken by a joint British Geological Survey- 
Durham University group (JO) and other groups. 

During previous earthquake emergencies in 
mountainous terrain (such as Wenchuan, China 
and Denali, Alaska), landslides were numerous 
(9, 11-17), sometimes initiating a process chain 
of secondary and tertiary geomorphic processes 
over time spans ranging from minutes to years 
after the earthquake (18, 19). Landslide-initiated 
process chains may involve gains in mobilized 
mass and destructive power through energy and 
mass transfer cascades. Many documented or in- 
ferred examples exist, including rock/ice fall- 
generated debris avalanches that transformed 
into debris flows (20, 27) or caused large impound- 
ment lakes and upstream flooding (22), landslide- 
generated displacement waves and glacier lake 
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outburst floods (GLOFs) (23, 24), and landslide- 
dammed lake outbursts (25, 26). As debris, ice, 
and lake and stream water are ingested into an 
outburst flood, a debris flow or hyper-concentrated 
slurry flood may result (27). Each geomorphic 
process in the chain may trigger a subsequent 
geohazard and extend the damaging reach of the 
event (27, 28). Process chains involving GLOFs 
are particularly worrisome. 

The Volunteer Group’s work focused on system- 
atic mapping of quake-induced geohazards, under- 
standing the geomorphic, lithologic, and tectonic 
control of their distribution and the identification 
of communities and infrastructure that might be 
affected. We analyzed the distribution and char- 
acter of the geohazards induced by the Gorkha 
earthquake in Nepal and Tibet using mainly 
satellite-based findings, supplemented with media 
reports, eyewitness photography, helicopter-borne 
field assessments, and modeling of lake outburst 
flood processes. This paper considers earthquake- 
related landslides formed before 10 June 2015, 
when the monsoon arrived in eastern Nepal. 


Landslide mapping and assessment 


We mapped the distribution of 4312 earthquake- 
induced (coseismic and postseismic) landslides 


Fig. 1. Location of 4312 
earthquake-related geo- 
hazards. (A) Distribution of 
glaciers (blue), late-season 
snowfields (red), landslides 
(white dots), and main shock 
and largest aftershock epi- 
centers. The base topogra- 
phy is from the SRTM 90-m 
gap-filled digital elevation 
model (33). Glacier extents 
are from the Randolph 
Glacier Inventory (RGI) (61). 
Snowfields were derived 
from pre-event Landsat-8 
visible and near-infrared 
(VNIR) to short-wave infra- 
red (SWIR) band ratios and 
topographic masks. (B) 
(Top) Landslides plotted with 
local peak ground accelera- 
tions induced by the main 
Gorkha shock or M >6 after- 
shocks. PGAs are from the 
USGS-National Earthquake 
Information Center ShakeMap 
(62). (Bottom) Boxes b1 and 
b2 are enlarged to show 
details near Langtang and 
Pisang. (C) Landslides 
plotted with reported deaths 
per Nepal district are from 
the Government of Nepal, 
Nepal Disaster Risk Reduc- 
tion Project. (D) Hazard 
occurrences (black dots) on 


= snow 


(Fig. 1). We identified six Areas of Interest (AOIs) 
that include Annapurna, Manaslu, Ganesh Himal, 
Langtang, Cho Oyu, and Everest (fig. S1) from west 
to east. The AOIs together cover 375 by 155 km, 
with divisions set along major valleys. Each AOI 
team had remote sensing and landslide expertise 
and was assigned an experienced lead analyst. 

Multispectral satellite images from many gov- 
ernment and commercial sensors (table S1) were 
made available through a number of portals, includ- 
ing the DigitalGlobe website, the USGS Hazards 
Data Distribution System (HDDS), and USGS 
Global Visualization Viewer (GLOVIS). Addition- 
ally, NASA provided access to expedited post- 
earthquake targeted ASTER imagery within the 
affected region. Not all locations were surveyed 
repetitively. We compiled a database and detailed 
descriptions of each AOI (29). 

The highest densities of earthquake-related 
landslides are distributed in a broad swath be- 
tween the two largest shocks, where many after- 
shocks also occurred. Clusters of landslides also 
exist outside of this zone (Fig. 1). The high land- 
slide densities also lie between three >M 7.0 
earthquakes that occurred on 26 August 1833, 
25 April 2015, and 12 May 2015, thus highlighting 
the possible long-term effects of historic quakes. 


= glaciers : Pad 
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However, we assessed the landslide occurrences 
only within the context of the Gorkha earthquake 
and aftershocks and the terrain characteristics, 
broadly organized according to (i) surface slopes 
and the earthquakes’ seismic peak ground accel- 
erations (PGAs), (ii) broad-field deformation due 
to the earthquakes, and (iii) the distribution of un- 
derlying landcover, lithology, and tectonic structure. 
Among the shaking parameters, PGA is just 
one factor that may control whether landslides 
occur in response to an earthquake. The specific 
frequency content, shake duration, PGA direction, 
and recurrent shocks also may be important (30). 
Furthermore, the landslides caused by the Gorkha 
earthquake and aftershocks appear to be far fewer 
than expected when compared with those of other 
mountainous regions with similar-magnitude earth- 
quakes (31, 32). This might be due to the lack of 
surface ruptures induced by the earthquakes and 
the concentration of deformation along the sub- 
surface thrust fault at 10 to 15 km depth (2). 


Landslide distribution 
Control by shaking and slope 


The locations of the Gorkha earthquake-induced 
landslides are plotted with landscape physiogra- 
phy and the epicenters of the six largest shocks 


Landslides/km*2 
3.37691 


calculated slopes. (Inset) Detail of hazard-dense region. (E) Smoothed area density (log scale) of earthquake-induced landslides determined by using a 
neighborhood 1/8° by 1/8° search window (~14 by 12 km) in relation to major (M =6) epicenters of historic earthquakes and the Gorkha quakes (62). 
Densities range between 0.01 and 3.37 landslides/km?. Higher landslide densities occur locally on scales finer than 1/8°. 


aac8353-2 


8 JANUARY 2016 * VOL 351 ISSUE 6269 


sciencemag.org SCIENCE 


RESEARCH | RESEARCH ARTICLE 


(Fig. 1A), PGA (Fig. 1B), reported deaths (Fig. 1C), 
and slope (Fig. 1D). We also mapped the smoothed 
landslide density distribution (Fig. 1E) and com- 
puted and mapped the susceptibilities of the 
landscape to earthquake-induced mass move- 
ments of ice, snow, or rock (Fig. 2). The computed 
susceptibilities depend on the product of the 
sine of slope (33) and the PGA (from the USGS 
ShakeMap PGA) (Fig. 1B). 

Integration of slope and shaking (represented 
by PGA) within the susceptibility index partly 
accounts for where landslides occurred (Fig. 2), 
especially where collapse of high-elevation snow 
and ice may have been involved (Fig. 2, B and C). 
The landslide distribution shows the strongest 
associations with slopes of >30° (Fig. 1C and fig. 
S2A), PGA of >0.32g (Fig. 2A and fig. S2B), and 
shake-induced landslide susceptibility index of 
>0.16g (Fig. 2A). We infer that many of these 
landslides probably would not have occurred any- 
time soon without earthquake shaking. The con- 
trol of landslide occurrences by the steep Himalayan 
slopes and seismic shaking is unsurprising and 
similar to other well-documented earthquakes 
(34). However, landslide susceptibilities differ 
from quake to quake. These new results detail 
the relationships of this Himalayan earthquake 
to seismic and geologic/terrain parameters. As 
PGA attains several tenths of g, entire mountain- 
sides can collapse as shake-induced coseismic 
failures are not restricted to materials and terrains 
that were already poised near failure. Whereas 
landsliding on steep, strongly shaken slopes is 
easily understood, the tail of the landslide dis- 
tribution to low shaking values, to low slopes, 
and low (but nonzero) shaking-induced land- 
slide susceptibilities (fig. S2) requires further 
explanation. 
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Under any of the following conditions, low 
seismic PGAs at a few percent of g may cause 
failures that lead to a landslide or avalanche if 
the materials are already near failure. 

(i) Granular materials may accumulate near 
the angle of repose, making them susceptible to 
coseismic failure owing to an acceleration that 
would increase shear stress along incipient planes 
of failure or related to rapid coseismic vibration- 
induced creep (35). 

(ii) Seismic vibrations may cause liquefaction 
of water-saturated sediment, disturbances to the 
local hydrology, and coseismic or postseismic flow 
or rotational slumping (36). 

Gii) At the beds of polythermal glaciers, the 
frictional resisting force may be carried by small 
frozen domains (37). Sharp accelerations may 
fracture the bed’s frozen attachments, suddenly 
reducing the frictional force and initiating sliding. 

(iv) Motion of rock or ice on fracture planes is 
resisted by the frictional force at the slip plane 
(38). Reduction in the normal stress because of 
downward acceleration, or increase in the down- 
slope driving shear stress because of slip-plane 
parallel acceleration, may initiate coseismically 
triggered slip on steeply sloping slip planes. 

(v) Upward acceleration increases the normal 
stress and may induce transient pressure melt- 
ing of basal polythermal ice, reducing the fric- 
tional force. The subsequent downward seismic 
acceleration suddenly relieves the normal stress, 
so that newly produced basal meltwater (which 
might not refreeze) may initiate sliding (39). 

The mechanisms outlined above may produce 
landslides or avalanches at low but nonzero shak- 
ing in granular materials occurring on steep slopes, 
in water-saturated sediments, and on steeply 
sloping glaciers. The deadly Mount Everest ice/ 
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snow avalanches on 25 April 2015 exemplify this 
point, where shaking was a low 0.09g (table S3). 
Glacier ice and snow are commonly poised near 
failure as indicated by Everest’s history of ice av- 
alanches off steep slopes, including back-to-back 
years in which there were a record 16 avalanche 
deaths in April 2014 (triggered by spring melt- 
ing) and a new record 22 deaths in April 2015 
(earthquake-triggered). Many Himalayan glaciers 
are substantially avalanche-fed, and snow or 
ice avalanches may occur upon a slight prompt, 
whether because of heavy winter or monsoon 
snowfall, spring melting, or slight shaking. The 
Gorkha earthquake struck soon after another 
season of spring melting began, increasing the 
vulnerability to shaking of ice and snow in the 
Everest area. Landslides in the upper Marsyangdi 
Valley (described below) also experienced rela- 
tively weak shaking (0.11 to 0.13g) but involved 
unconsolidated fluvial gravels and lacustrine 
silts (40). 

Seismic reactivation of preseismic landslides, 
or hydrological reactivation of earthquake-triggered 
landslides, may be common where landsliding al- 
ready is present. Hydrological reactivations may 
be caused by precipitation runoff, spring discharge, 
or erosional undercutting of river banks. Image 
time series indicate that many mapped land- 
slides, such as in the Marsyangdi Valley, happened 
after the main shock. In general, these might be 
attributable to a host of factors such as after- 
shocks, failure of earthquake-disturbed hanging 
glaciers or debuttressed slopes (41, 42), degradation 
of mountain permafrost and glacier-permafrost 
interactions (41), extreme precipitation, and stream 
undercutting of poorly consolidated sediment 
banks that were already disturbed by the earth- 
quake. These mechanisms involve changes to the 


Fig. 2. Debris landslide sus- 
ceptibility with mapped 
hazards. (A) Susceptibility in 
units of acceleration divided 
by g (9.81 m s°°). (B) Snow 
avalanche susceptibility with 
mapped hazards. Susceptibility 
is ing. (C) Ice avalanche sus- 
ceptibility with mapped hazards. 
Susceptibility is in g. (D) Maxi- 
mum PGA experienced by 

491 glacier lakes. Mapped haz- 
ards are shown as white dots. 
Maximum PGA for glacier lakes 
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was 0.57g. (Insets) Detail in 
Langtang Valley. 
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supply of groundwater or rates of glacial erosion 
or ice melt, which have at least indirect links to 
climate change. 


Control by the broad-field 
seismic deformation 


Another key earthquake phenomenon is the wide- 
field land surface deformation pattern, which 
appears to have influenced the distribution of 
landslides (Fig. 3). The mapped surface defor- 
mation was derived from Interferometric Synthetic 
Aperture Radar (InSAR) (Fig. 3A) (43). While the 
ALOS-2 InSAR measurement is in the radar 
line-of-sight, GPS measurements show that the 
horizontal motion is almost in the along-track 
direction, so the InSAR displacements in Fig. 3A 
are almost purely vertical (3). The highest den- 
sities of landslides are correlated with the down- 
dropped block, which is on the back-limb of the 
hanging wall of the thrust and counterintuitively 
correlates with the higher Himalaya. Within this 
block, landslide densities increase southward and 
then abruptly decrease near the tectonic hinge 
line, which separates the downdropped and up- 
thrown blocks (and also approximates the zone 
of maximum slip on the fault). RADARSAT-2 data 
provide the horizontal displacement field over 
part of the earthquake-affected region and con- 
firm that the largest horizontal displacements 
(Fig. 3B) are near the hinge line and in the up- 
lifted block, as defined by vertical deformation 
(Fig. 3A). 

We do not fully understand the distinctive con- 
centration of earthquake-induced landslides in 
the tectonic downdropped block of the Gorkha 
earthquake. The steep slopes within the down- 
dropped block no doubt contributed to the pat- 
tern of landslide densities, but steep slopes are 
also present in some areas where landslides are 
few. The net downward acceleration implied by 
the downdrop possibly caused a momentary re- 
duction in lithostatic stress, hence a reduction of 
normal stress along inclined planes of weakness. 
Relief of normal stress could have allowed non- 
lithostatic shear stress, including lateral seismic 
acceleration, to initiate motion along landslide 
failure planes. Because the coefficient of sliding 
friction is normally less than that of static fric- 
tion, motion may then continue and drive a land- 
slide. The same mechanism may apply to shaking, 
and hence, the broad-field deformation may modu- 
late the shaking-induced perturbation of normal 
stress, again suggesting some integration of mul- 
tiple causative trigger mechanisms. 

The Gorkha earthquake caused fewer land- 
slides than expected on the basis of its magni- 
tude (12, 32), mirroring the unexpected paucity 
of dwelling destruction (2). The peculiar distri- 
bution of the Gorkha earthquake landslides on 
the downdropped block (Fig. 3) placed them 
mainly north of the major population centers, 
reducing the death toll. For strike-slip events 
such as the 2010 M 7.0 Haiti earthquake (44), 
landslides were not similarly distributed system- 
atically with respect to the fault plane. For com- 
parison, landslides in the 1994 M 6.7 Northridge 
and 2008 M 7.9 Wenchuan earthquakes (11, 12, 45) 


aac8353-4 8 JANUARY 2016 + VOL 351 ISSUE 6269 


were concentrated on the higher mountainous 
areas of the upthrown block. Both earthquakes 
were oblique thrust events, like the Gorkha quake. 
The Wenchuan earthquake induced far more 
landslides than did the Gorkha earthquake, de- 
spite similar steep terrain. These differences might 
relate to the Gorkha quake’s shallow dipping fault 
and lack of surface rupture (a blind thrust). 

The Northridge earthquake was also a blind 
thrust, and despite being smaller than the Gorkha 
quake, it produced 11,000 documented landslides 
(45). Some, mapped by an airborne survey, were 
smaller than the detection limit in the imagery 
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used for our survey, in which Digital Globe data 
were unavailable. The numerous slides caused by 
the Northridge earthquake may be primarily at- 
tributed to uncemented clastic sedimentary com- 
positions dominating the regional lithology, versus 
more competent high-grade metamorphic and 
igneous rocks dominating the higher Himalaya. 
The differing types and densities of vegetation 
and root binding might also be a factor. In gen- 
eral, differences in earthquake-induced landslide 
densities can also be related to the number and 
magnitude of strong high-frequency ground mo- 
tions, although the paucity of strong-motion 
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Fig. 3. Landslide distribution relative to the Earth surface deformation field. (A) 4312 landslides 
(purple dots) are concentrated mostly north of the hinge line between the downdropped block and uplifted 
block. Also shown are the epicenters of the main shock and five largest aftershocks. Vertical displacements 
are from the JAXA ALOS-2 ScanSAR interferogram (21 Feb and 2 May 2015 scenes), which represent almost 
entirely vertical motion. ALOS-2 interferometry of the Gorkha earthquake and largest aftershock was recently 
described by Lindsey et al. (3). (B) Horizontal motion map based on azimuth shift measurements of the 
RADARSAT-2 XF acquisitions of 5 April and 29 April 2015. Scale shows motion excluding outliers outside the 
mean + 3o. Values are positive for SSW azimuths >100 degrees relative to east (>S1OW). Hence, both 
the upthrown and downdropped blocks shifted southward. The areal coverage for the RADARSAT-2 
scene is not identical to that of ALOS-2; areas on the eastern side of the scene have no data. 


sciencemag.org SCIENCE 


RESEARCH | RESEARCH ARTICLE 


recordings in the cases of both the Gorkha and 
Wenchuan quakes hampers direct comparison. 


Control by lithology and major 
fault structure 


The local clustering indicates additional controls 
on landslide occurrence. Lithologic variations, 
sediment thickness, bedding dip direction relative 
to slope aspect, extent of physical and chemical 
weathering including extent of bedrock fractur- 
ing, and vegetation cover may be important con- 
trolling factors. Lithology affects the occurrence 
of some landslides. For instance, the Langtang 
Valley slides involved the failure or ingestion of 
ice and unconsolidated glacial debris. Another 
example is the poorly consolidated sediment driv- 
ing the Marsyangdi Valley landslides. 

Fault structures exert indirect control of the 
clustering of landslides and organization of clus- 
ters (Fig. 4). High concentrations of landslides 
occur within particular Proterozoic metamorphic 
units and intrusive complexes and also near the 
surface of several major tectonic features, mainly 
low-angle thrust faults including the South Tibetan 
Detachment System (STDS), the Main Central Thrust 
(MCT), the Main Boundary Thrust (MBT), and the 
Main Frontal Thrust (MFT). The latter three 
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faults splay off the subsurface Main Himalayan 
Thrust, which is thought to have slipped during 
these earthquakes (7). However, because none of 
the Gorkha earthquake fault displacements (main 
shock or aftershocks) are known to have pierced 
the surface, the association with the thrust faults 
might indicate underlying lithological control, 
in which the faults juxtapose rocks of differing 
compositions at the surface. Lithologic proper- 
ties influenced the topographic character of the 
landscape and how seismic energy is transmitted, 
particularly through (i) elastic and brittle/elastic 
properties of the rock, (ii) chemical weathering 
and its control of erosion and slope, (iii) fracture 
development and fault displacement, and (iv) 
seismic wave interactions with topography and 
lithological structures. Each factor likely contrib- 
utes, where lithology is a common denominator. 
A high density of landslides occurs within the 
upper Lesser Himalaya near to and east from the 
epicenter of the primary earthquake. Whereas 
this cluster’s proximity to the largest shock’s epi- 
center is evident, the pattern defined by the clus- 
ter is closely correlated with the outcrop of the 
upper Lesser Himalaya, which is composed of 
low- to medium-grade metamorphosed Proterozoic 
argillic-calcareous (clay and sand) units and also 
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Fig. 4. Landslide occurrence on mapped geologic units. Geology is from simplified geologic map 
by (46, 63) and major faults (64). 
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of higher-grade metamorphic Proterozoic rocks. 
The upper Lesser Himalaya here is bounded on 
the north by the Main Central Thrust, where the 
overthrusted rocks are dominated by Precambrian 
gneisses, but only near the thrusted contact do 
the latter underlie many landslides. 

Many landslides occur south and west of 
Kathmandu (Fig. 4) near the southern edge of the 
Kathmandu Nappe [a thrust sheet of Precambrian/ 
Lower Paleozoic metasedimentary rocks, as mapped 
by Stocklin (46)]. In these areas, landslides are 
especially concentrated where Ordovician gran- 
itoids have intruded Proterozoic metasediments, 
suggesting lithological contrast as a control- 
ling feature. Further, there is a notable absence 
of landslides south of the MBT-MCT south of 
Kathmandu. 

Proterozoic slate, shale, siltstone, sandstone, 
graphitic schist (Fig. 4, combined as purple) and 
gneiss (Fig. 4, red)—all layered rock types—host 
relatively few landslides. Instead, the vast major- 
ity of earthquake-triggered landslides occur in 
the Proterozoic phyllite, amphibolite, metasand- 
stone, and schist rock sequences of the Lesser 
and High Himalaya (Fig. 4, green and pink) north 
of Kathmandu. These occur on either side of the 
MCT. The landslide hotspots (Fig. 1E) comprise a 
small fraction of the area of this widespread rock 
unit; steep-sided, high-elevation ridgetops gen- 
erated some of the landslide hotspots. For ex- 
ample, the Langtang Valley landslides largely 
originated high on the ridges and near the sum- 
mits in places where glaciers, glacial debris, and 
bedrock failed. The lithological controls may man- 
ifest through rock mechanics and rock weathering 
and slope. 

Topographic effects, along with different rock 
types’ contrasting S, P, and surface waves affect 
landsliding through wave scattering, interference, 
and heterogeneous energy dissipation. During 
helicopter overflights, authors B. Collins and 
R. Jibson (47) observed pervasive ridgetop shat- 
tering through much of the near-epicentral land- 
sliding region. Constructive wave interference and 
the focusing of seismic energy to shatter ridgetops 
was observed in the Northridge (48) and 1971 
San Fernando (49) earthquakes and modeled for 
the 2005 I-Lan earthquake in Taiwan (50). Last, 
damage related to wave resonance occurred in 
the Kathmandu Basin during the Gorkha earth- 
quake (2), and similar resonant effects may have 
occurred elsewhere at damaging frequencies af- 
fected by the spatial scales and geometry of var- 
ious lithologic units. Human-built structures of 
different sizes and construction, having distinc- 
tive resonant vibrational frequencies, were selec- 
tively destroyed (2). 

Some major river valleys also have high land- 
slide densities, including along the Marsyangdi 
and Trishuli rivers. In the Marsyangdi Valley, a high 
landslide density correlates with relatively gently 
sloping areas of the valley floor that are covered 
by poorly consolidated sedimentary deposits. 


Langtang mass movements 


The earthquake-induced landslides of the Langtang 
Valley (Fig. 5 and figs. S3 to S6) were exceptional 
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Fig. 5. Langtang’s landslide flowpaths. The source areas and flow paths of the two Langtang mass 
movements (white arrow, dashed where airborne). The red dashed line indicates the extent of the first 
slide, the yellow dashed line indicates extent of second slide, and the purple dashed line indicates 
extent of debris run-up. The image is west-facing. [Stitched panorama from 10 May 2015; photos by 


D. F. Breashears/GlacierWorks] 


in their tragic results (more than 350 people 
killed) and are also among the Gorkha earth- 
quake’s best-documented landslides from field- 
and space-based analysis. Langtang Valley, 70 km 
north of Kathmandu, is one of Nepal’s major 
trekking regions and hosts benchmark glaciology, 
hydrology, and meteorology research (51-53). 
The valley experienced moderate shaking (up to 
~0.26g above Langtang village) (Fig. 1B). An analy- 
sis of post-event satellite imagery and oblique 
aerial photographs suggests that coseismic snow 
and ice avalanches and rockfalls and their pow- 
erful concurrent air blasts contributed to the de- 
struction in Langtang Valley (Fig. 5 and figs. S3 
to S6) that killed or left missing at least 350 people 
(54). Panoramic photos of Langtang taken in 2012 
and those taken after the earthquake on 12 May 
2015 illustrate the magnitude and destruction of 
the Langtang events (figs. S3 and $4). Further 
indicating the vast scale of these events, anno- 
tated helicopter-borne photos and satellite imag- 
ery taken of the valley (Fig. 5 and figs. S5 and S6) 
illustrate our interpretation of this disaster-within- 
a-disaster. 

Debris from the initial coseismic event covered 
7.51 x 10° m? at Langtang alone, including a ~1-km 
stretch of the Langtang River. We did not observe 
stream impoundment in the days after the earth- 
quake, indicating that meltwater and runoff tun- 
neled rapidly through the icy deposit. Photos 
(D. Breashears) showed that the deposit contained 
abundant snow and ice. Brightness temperatures 
modeled from thermal band 10 of Landsat 8 on 
30 April 2015 showed lower landslide surface 
temperatures (270 to 280 K) as compared with 
those of surrounding terrain (280 to 300 K). The 
temperature anomalies, pond formation, and 
moisture of debris resulted from melting. 
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The primary coseismic event at Langtang vil- 
lage was a combined ice-snow avalanche that 
initiated near 7000 m. Subsequently, ice and snow 
entrained rockfall material and descended a low- 
gradient part of the glacier down to ~4500 m. The 
rock-ice mass then became airborne as it fell off a 
cliff below 4500 m (Fig. 5). After the material 
reached the riverbed at ~3250 m, it ran up the 
opposing slope ~200 m (fig. S5). The air blasts 
propagated farther, 400 m up the mountain (fig. 
$3). From the impact point on the valley floor, 
devastation extended ~1 km up- and downvalley. 
From the 200-m-high surge of debris on the 
opposing slope, we estimate a debris speed (v) of 
63 ms‘ (227 km h”}) following Eq. 1 


v = (2gh)”° (1) 


where g is gravitational acceleration (9.8 m s~”) 
and / is the runup. Air blasts leveled what was 
not buried in Langtang, including some buildings 
constructed of stone slab. Wind also completely 
flattened a small forest, suggesting wind speeds 
comparable with an EF5 tornado (>322 km hour™ 
wind speed), which is consistent with freefall drop 
of the landslide and heavily debris-laden wind over 
the cliff. 

Satellite images provided by Digital Globe (fig. 
S6) indicate a second large post-main shock mass 
movement near Langtang village between 8 and 
10 May 2015. The source of this landslide may 
have been a rock detachment from the summit 
ridge of Langtang-Lirung, ~6700 m elevation. The 
second landslide slightly increased the debris area 
from 7.51 x 10° to 7.61 x 10° m°. 

Nearby settlements of Singdum and Mundu 
(fig. S6) were also damaged by air blasts from the 
Langtang Valley mass movements. The larger set- 
tlement of Kyangjin was also badly damaged by 


an air blast created by another avalanche that 
originated from the eastern ridge of Langtang- 
Lirung. Devastation in the air-blasted zones, as 
captured in several photos (fig. S3), is indicative of 
the huge energy involved. The first Langtang land- 
slide mass may be ~3.3 x 10° kg (area ~'750,000 m2, 
assumed mean thickness >2 m, density 2200 kg m™°). 
With a direct fall of ~1 km, the release of gravita- 
tional potential energy was =3.2 x 10" J (7.6-kiloton 
TNT equivalent). During freefall and impact, the 
main transfer of energy could only have been to 
the atmosphere and directly on the surface, the 
effects of which we sadly observed. 


Landslide blockages of rivers: 
Marsyangdi and Tom rivers (Nepal) and 
Gyirong Zangbo/Trishuli River (Tibet) 


We identified recurrent landslides along the up- 
per Marsyangdi River in the Annapurna region. 
These are a different type of landslide than those 
in Langtang Valley. At least 20 mass movements 
intersected the river in the 10 days after the main 
shock (Fig. 6). The rapid sequence of similar failures 
demonstrates that the quakes in some way disturbed 
the unconsolidated sediments (40) along the river, 
perhaps by altering the hydrology or opening soft- 
sediment fractures, which then were exploited by 
spring seepage and erosion and rotational failures. 

The Marsyangdi Valley experienced relatively 
weak shaking (to ~0.13g) (Fig. 1B and table S3), 
which triggered nine small landslides along a 
16-km stretch of the upper Marsyangdi River be- 
tween Humde and Bratang (Fig. 6). The landslides 
were identified from a WorldView-2 satellite im- 
age 27 April 2015, 2 days after the earthquake, 
but were not present in a Landsat 8 image 4 days 
prequake. Thus, we considered them primary ef- 
fects of the main shock. Some slumps constricted 
but did not greatly obstruct the river. One land- 
slide (Fig. 6), ~2.2 km upstream of Lower Pisang 
village, caused a small impoundment (135 m long, 
~2 x 10? m?). 

Five more landslides reached the river between 
27 April and 2 May 2015, including one ~200 m 
wide, which caused a complete blockage ~1.9 km 
upstream of Lower Pisang. The impoundment grew 
to ~550 m long and 30 to 40 m wide (~1.4 x 10* m?) 
(Fig. 6). Six new landslides occurred by 4 May, and 
the lake increased to ~2.5 x 10* m? and 1100 m long, 
the same as measured again on 28 May 2015. Up- 
stream, several smaller impoundments indicated a 
further hazardous situation in which a dam breach 
could initiate a succession of lower dam breaches 
and the inundation of Lower Pisang village. 

Ground photographs (Fig. 6B) show a predom- 
inantly fine-grained landslide (47), likely com- 
posed of fluvial and lacustrine sediments from 
former dammed lakes (40). The steep headwall, 
back-tilted trees, and a sharp detachment at the 
head of the landslide indicate that the slide is a 
rotational slump, a common failure mode in poorly 
supported, unconsolidated sediments. 

The appearance of eleven post-main shock land- 
slides and growth of the impoundment lake 
represent secondary and tertiary effects of the earth- 
quake and indicate that the region is susceptible to 
long-term slope instability and future landslides. 
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We observed many other earthquake-induced 
landslide blockages of rivers. In one case, a 450-m- 
wide landslide blocked the lower Tom River near 
Ghap, Manaslu Conservation Area, Nepal, creat- 
ing an impoundment lake that stirred urgent 
humanitarian concerns. Satellite imagery from 
3, 5,7, and 8 May has allowed monitoring of the 
dammed lake. Between 3 and 8 May, the lake 
grew from ~5.7 x 10* to ~6.6 x 10* m”. The near- 
by village of Ghap, located downstream of the 
confluence of the Tom and Budhi Gandaki rivers, 
fortunately showed no flood damage by 16 May, 
indicating that even though the lake was drain- 
ing through a narrow outlet, the dam erosion 
was gradual. A satellite image from 8 June and 
subsequent media coverage shows that most of the 
lake had drained without severe consequences. 

The Gorkha earthquake and its many after- 
shocks also triggered dozens of landslides into 
the south-flowing Gyirong River, China (Trishuli 
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River downstream in Nepal). One landslide dammed 
the river ~1.5 km south of Chongsecun, a few 
kilometers north of the Nepalese border, causing 
development of a 450 by 50 m impoundment 
lake (28.363N, 85.360E, ~2600 m above sea level). 
The landslide destroyed ~200 m of the road con- 
necting Chongsecun to the China-Nepal border 
crossing at Resuo. Boulders and debris were dis- 
placed downslope, forming a landslide scar ~700 m 
long and a deposit 250 by 300 m. Several land- 
slides and a landslide-dammed lake also devel- 
oped south of the Chongsecun slide at or near the 
Resuo border crossing in Nepal (28.275N, 85.379E, 
~1,810 m above sea level) and blocked the road 
near the Resuo bridge. Fortunately, the dam was 
incised by the river, and with mitigation efforts 
by engineers, there was no further damage. An- 
other landslide on the same river near Resuo was 
triggered by a rainstorm on 28 April 2015, with 
the terrain conditioned by the M 7.8 Gorkha 
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earthquake. The landslide dammed the Trishuli 
River and blocked the road from Gyirong County 
to Resuo Port. These features near Chongsecun 
and Resuo exemplify the transboundary process 
chains of some induced hazards. The interrup- 
tion of cross-border commerce is a major tangi- 
ble earthquake impact in addition to the damage 
to infrastructure and the loss of life. 


Glacier lakes stability 


Many GLOFs have been recorded in the Himalaya 
since the mid-20th century (55). The lakes’ mo- 
raine dams, commonly situated at the angle of 
repose, are fragile and prone to outburst because 
of either sudden collapse or piping erosion, or 
to gradual degradation due to climatic warming 
and thaw. Avalanche and landslide-generated 
displacement waves in the lake are thought to be 
a common trigger for moraine dam failure (56). 
Thus, when the largest earthquakes happened, 
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Fig. 6. Landslide-dammed lake on the Marsyangdi River. Map and satellite imagery and ground photographs of landslides and landslide-dammed lakes on 
upper Marsyangdi River. (A) Map. White box locates (C), (D), (E), and (F). (B) Ground photograph (courtesy M. Gotame, Manang villager) from 10 May 2015, 
showing the landslide-dammed lake looking south. The white dashed line is the head scarp (visible is the steep headwall), and the curved arrow shows the inferred 
flow path of the rotational slump. (C, D, E, and F) High-resolution WorldView-2 images of the river, showing delayed occurrence of the large landslide and lake 
formation. The white star in (D) locates (B). River widths are given at two locations. 
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many experts were concerned that shaking may 
have weakened or collapsed unconsolidated mo- 
raine dams of glacial lakes, or may have triggered 
large displacement waves and GLOFs. 

Fortunately, we identified few earthquake ef- 
fects on glacier lakes. We examined pre- and 
postquake satellite images of 491 lakes [locations 
drawn mainly from the inventory of Fujita et al. 
(57)]. The visibility of 15 lakes in our database 
was unclear (partially shadowed or poor resolu- 
tion image), but their downstream drainages 
showed no signs of GLOFs. Only nine of 491 were 
physically hit by landslides or avalanches. Of these, 
ice avalanches may have ejected water from two 
small ponds near Everest, and debris fell onto 
the frozen surfaces of other lakes without further 
effect. No lakes in the current satellite survey 
produced a GLOF as a result of the earthquake. 
GLOFs generally do not trigger at modeled PGAs 
up to 0.57g (Fig. 2D). This unexpected result may 
relate to seismic wave interactions with the to- 
pography, where for shallow hypocenters, PGAs 
(i) are reduced on valley floors and (ii) are rapidly 
reduced by shielding across mountain ranges 
caused by wave scattering on the topography and 
petrologic structure (50, 58). 

Furthermore, we closely examined three large 
moraine-dammed glacial lakes (Thulagi, Rolpa, 
and Imja) (Fig. 7), which have been extensively 
surveyed, studied, and monitored because of their 
GLOF risk (55). At Thulagi Lake in the Manaslu 
region (just west of the Tom River blockage de- 
scribed above) and Imja Lake in the Everest re- 
gion, no damage was immediately evident in 
postquake satellite imagery. However, a small 
glacial lake on Lhotse Glacier (south of Everest) 
drained on 25 May 2015, which resulted in an 
anomalous rise in stream level (59). Small supra- 
glacial ponds commonly drain suddenly because of 
ice fracturing or other glacier dynamics, and it is 
unclear whether this event was earthquake-related. 

We were especially concerned about Tsho Rolpa, 
located at the terminus of Trakarding Glacier in 
the Rolwaling Valley, because of its location near 
the giant aftershock’s (M/ 7.3 on 12 May) epi- 
center. We found no evidence of damage to Tsho 
Rolpa’s damming moraine from examination of 
WorldView 1 satellite images taken 9 days after 
the initial earthquake, on 4 May 2015, and the 
NASA’s EO-1 satellite image taken 5 days after 
the M 7.3 aftershock on 17 May. Postquake field 
photographs taken by USGS on 27 May show 
that the moraine was intact, and the lake was 
nearly brim-full (Fig. 8A). Another USGS photo- 
graph (Fig. 8B) shows fractures on the moraine 
dam, but because no ice exists in this part of the 
moraine, these tension cracks appear to have been 
caused by slumping of moraine material toward 
the lake (1 to 1.5 m horizontal and ~0.5 m ver- 
tical), probably because of an earthquake but not 
likely to be a problem. The satellite imagery and 
field photographs do not demonstrate any big new 
additional concerns about the lake. We would not 
observe small GLOFs and minor damage to mo- 
raines in satellite images because of limitations in 
resolution. Furthermore, neither satellite and ground 
nor helicopter-borne inspections can easily detect 


aac8353-8 8 JANUARY 2016 + VOL 351 ISSUE 6269 


interior (subsurface) structural damage that make 
the metastable lakes even more subject to outburst. 


Summary and conclusions 


Rapid, systematic mapping allowed us to inves- 
tigate earthquake-induced geohazard processes 
and provide information to relief and recovery 
officials on the same timeframe as those oper- 
ations were occurring. This work thus contrib- 
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uted to effective, timely guidance to in-country 
authorities responsible for response and recov- 
ery. Key findings were relayed through NASA, 
USGS, and the U.S. Agency for International De- 
velopment (USAID), to Nepal-based experts at 
ICIMOD (International Centre for Integrated 
Mountain Development) and DHM (Department 
of Hydrology and Meteorology, Government of 
Nepal) and to the Prime Minister of Nepal. 
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Fig. 7. Lake survey for earthquake damage. (A) Overview of study area, showing location of 491 surveyed 
lakes. (B to J) Pre-earthquake images (right column), post-main shock images (center column), and post-12 
May aftershock images (left column) for the largest glacial lakes in Nepal, (B) to (D), Thulagi Lake, (E) to (G) 


Tsho (Lake) Rolpa, and (H) to (J) Imja Tsho. (B) Landsat 8 image of Thulagi Lake, 21 April 2015. (C) Worldview 2 
image of Thulagi Lake, 27 April 2015. (D) ASTER image of Thulagi Lake, 22 May 2015. (E) Landsat 8 image of 
Tsho Rolpa, 11 November 2013. (F) Worldview 1 image of Tsho Rolpa, 4 May 2015. (G) EO-1 ALI image of Tsho 


Rolpa 17 May 2015. (H) Landsat 8 image of Imja Tsho, 11 November 2013. (1) EO-1 ALI image of Imja Tsho, 
28 April 2015. (J) Landsat 8 image of Imja Tsho, 25 May 2015. A large crack developed in the lake ice on Imja Tsho, 
although such cracks are normal with spring thaw. Landsat 8 scenes are panchromatic band 8 sharpened 
images (resolution 15 m) using band combinations [75,3] (SWIR, NIR, Green). WorldView 2 false color 
composite scene uses band combination [7, 5, 3] (NIR, Red, Green). WorldView 1 image is the panchromatic 
band. ASTER image (resolution 15 m) uses bands [3N, 2, 1] (NIR, Red, Green). EO-1 ALI scenes use pan- 
sharpened band 1 (resolution 10 m) and band combination [8, 6, 4] (SWIR, NIR, Green). 
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The mapped features document the large geo- 
graphic extent of the Gorkha earthquake’s effect 
on hazardous Earth surface processes and con- 
strain their geophysical limits and geomorphic, 
tectonic, and lithologic controls. The distribution 
of induced landslides shows positive associations 
with slope and shaking intensity. More broadly, 
the highest areal densities of landslides are de- 
veloped primarily on the downdropped northern 
tectonic block. This is likely explained by mo- 
mentary reduction during downward acceleration 
of the normal stress along planes of weakness. 
The largest two shocks bracket the landslide 
distribution because they are within the displace- 
ment field and highest PGAs. Additional con- 
trols of landslide distribution are indicated by 
their clustering within specific bedrock and sur- 


ficial lithologies, including Proterozoic meta- 
morphic rocks and Ordovician granitoids, in 
proximity to earthquake epicenters, with high 
PGAs, and perhaps with seismic wave scattering 
and interferences. 

In the remote valleys of the higher Himalaya, 
the most concentrated losses were directly due 
to the induced mass movements and air blasts 
rather than shaking. Seismic wave interactions 
may have contributed to destruction in Langtang 
Valley and other locations because of wave fo- 
cusing and ridgetop shattering but may have 
reduced direct shaking damage in valley floors 
and at glacial lakes. 

The distribution of Gorkha earthquake-related 
landslides and the terrain susceptibilities to 
earthquake-induced mass movements provide 


Fig. 8. Field visit identifies light damage at Tsho (lake) Rolpa. (A) Post-earthquake image of Tsho 
Rolpa appears identical to its appearance shortly before the earthquake. (B) Two areas of fractures (outlined in 
white)—believed formed by the 12 May 2015 aftershock—were observed from a helicopter on the 
engineered part of the end moraine during an inspection undertaken by USGS at Tsho Rolpa. Photos are 
from 27 May by B. Collins (USGS), courtesy of USAID-Office of Foreign Disaster Aid. 
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a basis from which to predict future patterns of 
landsliding of earthquake-weakened ice, rock, 
and unconsolidated sediments, especially as 
aftershocks, precipitation, and snowmelt events 
continue over the next few years. Hydrological 
processes such as frost shattering and rockfalls 
at high elevations and riverbank undercutting 
and rotational slumping in valleys may exploit 
earthquake-induced damage and trigger more 
landslides. Conversely, high-magnitude shaking- 
related landslides, such as ridgetop failures that 
affected Langtang Valley, may be less common 
going forward, unless additional strong after- 
shocks or high-elevation melting affect seismi- 
cally shattered rocks. However, earthquake-related 
landsliding may fade below the regional back- 
ground frequency of landslide activity in the next 
one to several years. 

The Gorkha earthquake caused fewer land- 
slides than comparable earthquakes elsewhere, 
although some of Nepal’s largest mass movements 
in recent millennia may have been triggered by 
earthquakes (60). Details of earthquake location 
relative to geology and topographic relief appear 
to be crucial in determining the magnitude of 
earthquake-induced hazards. 

Although the Gorkha earthquake’s tragic toll 
on human lives and culture cannot be under- 
stated, some fortunate facts are that not a single 
large GLOF was unleashed and the total number 
of landslides was far fewer than generated by 
comparable earthquakes (56). Whether the same 
will hold for a hypothetical future large Himalayan 
earthquake is uncertain. However, future earth- 
quakes generated on the shallow Main Himalayan 
Thrust are not apt to generate many or any GLOFs 
unless the magnitude is greater than the Gorkha 
earthquake’s or the hypocenter and zone of 
maximum slip is closer to the lakes, thus circum- 
venting the shielding by Himalayan relief. The 
potential exists for immense landslides and river 
blockages, which may pose the greatest moun- 
tain hazard. 


Materials and methods 


We mapped 4312 landslides from high- and 
medium-resolution satellite imagery (Landsat 8, 
WorldView, and others) in the weeks after the 
M 7.8 main shock. Landslide locations were 
mapped as points, with attributes including 
nearest village, dates of imagery used to con- 
strain timing, and whether the mass movement 
produced or could produce a secondary hazard 
(for example, a dammed lake). Using a previously 
published database and the multispectral satel- 
lite data, we also assessed damages to glacial lakes. 
The distribution of landslides was examined in 
the context of the geology (structure and lithology), 
the distribution of snow and ice, topographic 
slopes, and peak ground accelerations modeled 
for the Gorkha earthquake and its largest after- 
shock. Seismic and shake intensity data combined 
with slope were used to model geohazard sus- 
ceptibility indices. All data, including previously 
published InSAR-measured ground displacements, 
were analyzed within a geographic information 
system. 
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THERMOELECTRICS 


Ultrahigh power factor and 
thermoelectric performance in 
hole-doped single-crystal SnSe 


Li-Dong Zhao,”?* Gangjian Tan,” Shiqiang Hao,” Jiaqing He,* Yanling Pei,’ Hang Chi,” 
Heng Wang,° Shengkai Gong,’ Huibin Xu,’ Vinayak P. Dravid,® Ctirad Uher,” 
G. Jeffrey Snyder,® Chris Wolverton,® Mercouri G. Kanatzidis?* 


Thermoelectric technology, harvesting electric power directly from heat, is a promising 
environmentally friendly means of energy savings and power generation. The thermoelectric 
efficiency is determined by the device dimensionless figure of merit ZTyey, and optimizing 
this efficiency requires maximizing ZT values over a broad temperature range. Here, we report 
a record high ZTyey ~1.34, with ZT ranging from 0.7 to 2.0 at 300 to 773 kelvin, realized 

in hole-doped tin selenide (SnSe) crystals. The exceptional performance arises from the 
ultrahigh power factor, which comes from a high electrical conductivity and a strongly 
enhanced Seebeck coefficient enabled by the contribution of multiple electronic valence 
bands present in SnSe. SnSe is a robust thermoelectric candidate for energy conversion 
applications in the low and moderate temperature range. 


ith more than 60% of the world’s pro- 

duced energy being lost as waste heat 

in the low and moderate temperature 

range, a compelling need exists for high- 

performance thermoelectric materials 
that can directly convert this heat to electrical 
power (1-5). The thermoelectric conversion ef- 
ficiency is characterized by the temperature- 
dependent quantity ZT = S°o7/«, where S is the 
Seebeck coefficient, o is the electrical conduc- 
tivity, « is the total thermal conductivity, Tis the 
temperature, and the product (So) is the power 
factor (PF). The conversion efficiency of heat to 
electricity for a large number of potential appli- 
cations requires enhancing ZT over a wide range 
of temperatures. However, many previous ad- 
vances have focused on improving the maximum 
ZT (ZT max) as a function of temperature (6-16). 
Many such improvements in Z7;,,, came from 
strategies such as hierarchical architecturing, 
band structure engineering, and intrinsically low 
thermal conductivity, which enabled huge reduc- 
tions in lattice thermal conductivity (e.g., nano- 
structuring) (6-8). Materials that incorporate 
one or more of these strategies include the sys- 
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tems AgPb,,SbTem+2 (LAST) (6, 8), PbTe-SrTe (9), 
NaPb,,SbTe.2 (SALT) (10), PbTe-Tl (1D, PbTe- 
PbSe (12), Mg»(Si,Sn) (13), MgAgSb (14), PbSe- 
CdS (15), and triple filled Skutterudites (76). Many 
of these thermoelectrics are heavy-metal-based 
materials, which include rare-earth metals and 
elements with low abundance. Therefore, develop- 
ing thermoelectrics requires not only a high max- 
imum ZT, but a high Z7 value over a wide range of 
temperatures, and materials made from relatively 
nontoxic and more earth-abundant elements. 

A surprising choice for a promising thermo- 
electric candidate is SnSe single crystal, because 
its two-dimensional (2D) anisotropic and low- 
symmetry crystal structure would not have been 
expected to exhibit high carrier mobility (77). Re- 
cently, we showed that SnSe exhibits one of the 
lowest lattice thermal conductivities known for 
crystalline materials (<0.4. W m! Kat 923 K) (18) 
and without any doping exhibits record high Z7Ts 
along the 0 and ¢ crystallographic directions at 
723 to 973 K (fig. $1). Unlike the facile doping be- 
havior of Pb-based rock-salt chalcogenides (5, 19), 
doping SnSe is challenging because of the layered 
anisotropic structure, where each SnSe layer is 
two atoms thin, and the locally distorted bonding 
around the Sn and Se atoms. Here, we demon- 
strate successful hole doping in single crystals of 
SnSe using sodium as an effective acceptor and 
find a vast increase in ZT from 0.1 (undoped) to 
0.7 (doped) along the b axis at 300 K while obtain- 
ing the ZTyyax Of 2.0 at 773 K (Fig. 1A). The hole- 
doped SnSe (0 axis) outperforms most of current 
state-of-the-art p-type materials at 300 to 773 K 
(9, 10, 14, 18, 20, 21) (Fig. 1B). The high PF and ZT 
give the highest device ZT (ZT...) from 300 to 773 K 
known in the field of thermoelectric materials 


of ~1.34. The Z7 je, over the entire working tem- 
perature range is important, as it determines the 
thermoelectric conversion efficiency (n). The ther- 
moelectric efficiency of a material between a hot 
temperature 7;, and cold side temperature 7, can 
be calculated from the Seebeck coefficient, elec- 
trical conductivity, and thermal conductivity as a 
function of T (22) 


gee V14+ ZTaey — 1 
Th V1+ ZTaey + Te/T 


The ZT,e, of hole-doped SnSe is much higher 
than that of typical high-performance thermo- 
electrics (9, 18, 23) from 300 to 773 K (Fig. 1C). 
Although the extremely low thermal conductivity 
enables the high ZT of undoped SnSe crystals 
from 723 to 973 K, we attribute the large ZT aey 
enhancement in hole-doped SnSe to the enormous 
boost in PF in the temperature range from 300 to 
773 K. The projected conversion efficiency of hole- 
doped SnSe for T, = 300 K and Tj, = 773 Kis ~ 16.7%, 
which is higher than that of other high-performance 
thermoelectrics (9, 18, 23) (Fig. 1D). 

The origins of the high performance come from 
various different contributions. We increased the 
electrical conductivity of SnSe from ~12 S cm™ 
to >1500 S cm”! (Fig. 2A) by hole doping the 
material, changing the temperature dependence 
from semiconductor-like to metal-like. With rising 
temperature, the electrical conductivity of hole- 
doped SnSe (b axis) decreases from 1486 S cm™ 
at 300 K to 148 S cm’ at 773 K. We estimated the 
carrier density at 300 K using Hall data as ~4 x 
10° cm®. The Seebeck coefficient is ~+160 uV K* 
at 300 K, close to that of commercial Bi,_,Sb,Te; 
with similar hole concentrations (24), and increases 
to ~+300 uV K"' at 773 K. The combination of 
increased electrical conductivity and high See- 
beck coefficient results in a PF of ~40 1.W cm 
K° for hole-doped SnSe (0 axis) at 300 K (Fig. 
2C). This value rivals that of optimized p-type Bis. 
wsb,Te; along its ab crystallographic plane 
direction (24). The PFs remain at a high value 
of ~14 wW cm! K~® around 773 K for hole- 
doped SnSe (0 axis), which is twice as high as the 
value of ~6.4 uW cm”! K~ at 773 K for the un- 
doped SnSe (6 axis) (Fig. 2C, inset). Therefore, the 
main contribution to the huge enhancement of 
ZT from 300 to 773 K is the superior PF afforded 
by doping. 

The total thermal conductivity (tot) of hole- 
doped SnSe is low and shows a decreasing trend 
with rising temperature (Fig. 2D). «tot of hole- 
doped SnSe (b axis) decreases from ~1.65 W m7 K* 
at 300 K to ~0.55 W m ’ Kat 773 K. The lattice 
thermal conductivity («),,) of hole-doped SnSe is 
as low as that of undoped SnSe. We previously 
explained this low thermal conductivity in terms 
of density functional theory (DFT)-calculated large 
Griineisen parameters of SnSe caused by strong 
anharmonic bonding (J8). This anharmonicity 
has recently been experimentally confirmed by in- 
elastic neutron scattering measurements (25). The 
Kjat Values of hole-doped SnSe are still as low as 
that (0.2 to 0.3 W m™ K~) of undoped SnSe at 
773 K (fig. S2D). We note that the intrinsically 


(1) 


8 JANUARY 2016 * VOL 351 ISSUE 6269 141 


RESEARCH | REPORTS 


low thermal conductivity of SnSe is sensitive to 
the stoichiometric ratio (26) and the sample pro- 
cessing conditions (27). A recent neutron powder 
diffraction analysis demonstrated a nearly ideal 
stoichiometry and an exceptionally high anhar- 
monicity of the chemical bonds of SnSe and re- 
ported an ultralow thermal conductivity value 
close to 0.1 W mK‘ at room temperature for 
polycrystalline SnSe (26). By strictly eliminating 
exposure to the atmosphere during sample prep- 
aration, Zhang et al. (27) observed lattice thermal 
conductivities of polycrystalline SnSe as low as 
those of the SnSe single crystals (78). 

The PFs achieved in hole-doped SnSe are much 
higher than those in the rock-salt lead and tin 
chalcogenides (19, 28-30), especially in the 300 to 
500 K range. These high PFs derive from the much 
larger Seebeck coefficient, because the electrical 
conductivity of hole-doped SnSe (0 axis) is compa- 
rable to those of rock-salt chalcogenides. To obtain 
insight into the enhanced Seebeck coefficients and 
PFs, we plotted (similar to a Pisarenko plot) the 
room-temperature Seebeck coefficients of rock- 
salt chalcogenides with similar carrier density of 
~4 x 10° em? (Fig. 3A). The Seebeck coefficient 
for hole-doped SnSe at ~+160 ,'V K"? is clearly 
much higher than ~+70 pV K" for PbTe (19), 
~ +60 .V K™ for PbSe (28), ~+50 uV K™ for PbS 
(29), and ~+25 uV K™ for SnTe (30). 

For heavily hole-doped PbTe and PbSe, the 
Fermi level is pushed downward toward the heavy 
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Fig. 1. ZT values of hole-doped SnSe crystals and projected efficiency. 
(A) ZT values along different axial directions of hole-doped SnSe and undoped 
SnSe crystals (18); the ZT measurement uncertainty is about 20%. (B) ZT 
values of hole-doped SnSe (b axis) and the current state-of-the-art p-type 
thermoelectrics, BiSbTe (20), MgAgSb (14), (GeTe)o.g(AgSbTes)o.2 (21), 
NaPb,,SbTem+2 (SALT) (10), PbTe-4SrTe-2Na (9), and SnSe (b axis) (18). 
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valence band (79), enhancing the Seebeck coef- 
ficient because of the contribution of this second 
valence band to transport. This enhancement, 
however, only appears at high temperatures, as 
the extra contribution of the heavy valence band 
requires a carrier density of (~4 to 5) x 10°° cm? 
and (1 to 2) x 107° cm™? at 300 K because the 
energy difference between the two valence bands 
in PbTe (0.15 eV) (15) and PbSe (0.25 eV) (19) de- 
creases at high temperatures. The energy differ- 
ence for PbS and SnTe between the two bands is 
even larger (>0.3 eV) (29, 30), resulting in decreas- 
ing Seebeck coefficients from PbTe, to PbSe, to 
PbS, to SnTe (Fig. 3A). We observed a much larger 
Seebeck coefficient of ~+160 .V K (at 300 K) for 
the hole-doped SnSe than expected from a single- 
band contribution (~+30 nV K7’), which is well 
supported by the Pisarenko plot (Fig. 3B). The 
large Seebeck coefficient suggests the contribution 
of more than one valence band. This conclusion is 
supported by Hall data and DFT calculations of 
the band structure. 

The Hall coefficient (Ry) is consistent with 
multivalley transport, as it shows a continuous 
increase with temperature in the range 10 to 773 K 
(fig. S3A). The values of Ry in hole-doped SnSe 
are temperature dependent, thus ruling out the 
single-band model of transport. The Hall data 
imply that the convergence of multiple band max- 
ima of hole-doped SnSe is in effect already at 
very low temperatures; i.e., the energy difference 


> NaPbeSb Tere 
—~F- (GeTepeiAgSbTes: 


between the competing valence bands is much 
lower than in other chalcogenide materials. To 
estimate the energy gap (AEF) between the first 
two bands, we used a well-developed model for a 
typical two-band compound to analyze the Hall 
data. In this model, the temperature-dependent 
Ry (T) can be expressed as (19) 


UE Ba(0 : (1- ta)” (ma) eas (2) 


where Rj; (0) represents the Hall coefficient at 0 K; 
Ly, Ha, and mm, ™m, denote the carrier mobilities 
and density-of-states (DOS) effective masses of the 
first and the second valence band, respectively; kz 
is the Boltzmann constant; and AF is the energy 
separation between the two valence band max- 
ima. The slope (-AE/Xg) of In[Ry(T) - Ry(0)]/ 
Ry,(O) versus 1/T yields AE ~ 0.02 eV at 0 K, as- 
suming that AE varies linearly with temperature 
(fig. S4). This energy gap between the first two 
valence bands of SnSe is much smaller than that 
in PbTe, PbSe, PbS, and SnTe (19, 28-31). The AE 
~ 0.02 eV value is comparable to kgT at room 
temperature, suggesting that the valence bands 
are nearly equal in energy. This near-degeneracy 
is consistent with the much higher Seebeck coef- 
ficients and PFs observed at room temperature. 
As the temperature increases, the carriers are 
thermally distributed over several bands of similar 
energy, resulting in the enhanced Seebeck coef- 
ficient of ~+160 .V K™ at 300 K. 
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(C) Device ZT values of hole-doped SnSe (b axis), undoped SnSe (b axis) (18), 
PbTe-4SrTe-2Na (9), and PbTe-30PbS-2.5K (23); inset shows typical hole-doped 
The temperature range for these values is from 300 to 773 K. 
(D) The calculated efficiency as a function of hot side temperature (cold side 
temperature is 300 K) of hole-doped SnSe (b axis), undoped SnSe (b axis) 
(18), PbTe-4SrTe-2Na (9), and PbTe-30PbS-2.5K (23). 
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Fig. 2. Thermoelectric properties as a function of temperature for hole-doped SnSe crystals. (A) Electrical conductivity. (B) Seebeck coefficient. (C) 
Power factor (PF); the inset shows the PFs of hole-doped SnSe and undoped SnSe along the b axis. (D) Total thermal conductivity. 
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We analyzed the electronic structure and ther- 
moelectric properties of hole-doped SnSe using 
DFT calculations of the low-temperature Pnma 
phase (Fig. 3C). The DFT valence band maximum 
(VBM) lies in the I’-Z direction (band 1 in Fig. 30), 
but another valence band is located just below the 
VBM (band 2). A third band also exists with its 
band maximum along the U-X direction (band 3). 
The calculation shows a very small energy gap 
between the first two valence bands in the I-Z di- 
rection of ~0.06 eV, consistent with the very small 
value experimentally estimated above (0.02 eV). 
We found this slight energy difference between 
calculation and experiment to be reasonable given 
the approximations underlying the DFT calcula- 
tions. Such a small energy gap is easily crossed by 
the Fermi level as the hole doping approaches 
(~4 to 5) x 10° em™?. In addition, the energy gap 
between the first and the third band (i.e., maxi- 
mum of U-X to the maximum I -Z) is only 0.13 eV. 
This value is smaller than the 0.15 eV between 
the first and the second valence bands of PbTe, in 
which the heavy hole band contribution becomes 
considerable as the carrier density exceeds ~(4 to 5) x 
10° cm (19, 31). Interestingly, the electronic va- 
lence bands of SnSe are much more complex than 
those of PbTe, and the Fermi level of SnSe even 
approaches the fourth, fifth, and sixth valence 
bands for doping levels as high as 5 x 10°° cm” 
(Fig. 8C). Another illustration of the complex 
band structure is shown in the Fermi surface, 
which has multiple types of pockets (or valleys) 
coming from the numerous valence bands, all 
within a small energy window (Fig. 3, C to F). The 
multitude of valence band maxima is a distinc- 
tive feature of SnSe and is absent in the rock-salt 
chalcogenides. 

The SnSe effective masses at each valence-band 
extremum are also anisotropic, in agreement with 
previous calculations (32). Because of the 2D na- 
ture of the material, the effective mass has a larger 
value along the #,, direction (a@ axis) than along 
either of the in-plane directions k, and k, (6 and 
c axes). For the first valence maximum along I-Z, 
the effective masses are ™x* = 0.76 Mo, Mxy* = 
0.33 Mo, and 7,,* = 0.14 Mp. For the second max- 
imum along [-Z, the 7m* = 2.49 mo, Mxy* = 0.18 
Mo, and m,* = 0.19 mo are heavier than for the 
first band. These heavy holes play an important 
role in enhancing the Seebeck coefficients. We 
also performed Seebeck coefficient calculations 
as a function of hole concentration at 300 K using 
both a single-band model and a calculation that 
includes multivalley effects (33). We calculated the 
Seebeck coefficients by taking into account mul- 
tiple valleys (considering all bands within +2 eV 
of the Fermi level) and using a single parabolic 
band model with three different effective masses: 
Ma* = 0.47 Mo, Ma* = 0.75 Mo, and m,q*= 1.20 mp 
(Fig. 3B). The Seebeck coefficient calculated 
with the full, multivalley DFT band structure is 
+168 UV KT at 4 x 10" cm™, which is very close to 
the experimentally observed value for this carrier 
concentration, +160 uV K™. In contrast, using a 
single-band model, we cannot reproduce the exper- 
imental Seebeck coefficient, even with a range of 
possible effective masses: A single-band model 
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with our calculated DOS effective mass (0.47 mp) 
from the first VBM yields a Seebeck coefficient of 
only +84 uV Kat 4 x 10° cm™®. An estimated 
effective mass of 0.75 mo, obtained by fitting ex- 
perimental Seebeck coefficients in polycrystalline 
SnSe (34, 35), gives a single-band model Seebeck 
coefficient of ~+110 pV K™' at 4 x 10° cm™. The 
effective mass m,* = 1.20 mo is an extreme value 
that we obtained by fitting the single-band Seebeck 
coefficients at extremely low concentrations 
(e.g. <1 x 10” cm~®) to the full multivalley calcu- 


lated Seebeck coefficients. Even with this very 
heavy effective mass, the Seebeck coefficients (Fig. 
3B, black dashed line) are still lower than those of 
the multivalley model at higher hole concentra- 
tions. We cannot explain the observed Seebeck 
coefficient enhancements with a single-band mod- 
el, even with a wide range of possible effective 
masses. In SnSe, the experimental Seebeck coef- 
ficients exhibit isotropic values (Fig. 2B) along all 
three crystallographic directions. The electrical con- 
ductivity values, however, along these directions 
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Fig. 3. Comparison of Seebeck coefficients of lead and tin chalcogenides, Pisarenko line, and 
DFT electronic band structure (Pnma). (A) Room-temperature Seebeck coefficients for lead and tin 
chalcogenides (19, 28-30) with a similar carrier density of ~4 x 10!° cm™°. (B) Calculated Seebeck 
coefficients as a function of carrier density at 300 K. The line connecting the red circles is calculated 
from the full multivalley DFT band structure. Single-band calculations yield lower Seebeck coefficients, 
even for a range of effective masses, and cannot reproduce the measured values. (C) Electronic band 
structure of hole-doped SnSe indicates nonparabolic, complex multiband valence states. The red dotted 
lines (from top to bottom) represent the Fermi levels with carrier densities of 5 x 10” 5 x 102°, 2 x 10°°, 
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multivalence band structure. (D to F) The Fermi surfaces of SnSe (Pnma) at 5 x 10%, 2 x 10°°, and 5 x 
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are different and reflect the respective mobilities, 
with the highest being along the b and ¢ axes, in 
agreement with the calculated lighter effective 
masses along these axes. The distinctive crystal 
structure of SnSe, therefore, plays a key role in the 
exceptional electronic band structure characteris- 
tics that result in an ultrahigh PF and ZT. The 2D 
sheets in SnSe have strong, accordion-like corru- 
gation and are well separated from one another, 
with long intersheet Sn---Se bonding interactions 
of ~3.5 A (Fig. 4). Longer Sn-Se bonding inter- 
actions of ~3.3 A are also present along the cor- 
rugation direction (c axis). Along the c and b 
directions, the Sn-Se bonding is shorter, at 3.3 
and 2.8 A, respectively. As a result, the width of 
the valence bands along these in-plane directions 
is wider (and the effective hole masses lower) 
than along the a direction (lower carrier mobil- 
ities and larger effective hole masses). 

We demonstrate that hole doping SnSe pushes 
its Fermi level deep into the band structure, acti- 
vating multiple valence band maxima that lie close 
together in energy, enabling enhanced Seebeck 
coefficients and power factors (PFs). Therefore, 
the unique electronic band structure of SnSe is 
key to the high power factor and thermoelectric 
performance of the doped samples over a wide 
temperature plateau, from 300 to 773 K. The high 
conversion efficiency improves the prospects of 
realizing very efficient thermoelectric devices with 
hole-doped SnSe crystals as a p-type leg. 
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GEOPHYSICS 


Shear deformation of bridgmanite 
and magnesiowiistite aggregates at 
lower mantle conditions 


Jennifer Girard, George Amulele,* Robert Farla,{ 


Anwar Mohiuddin, Shun-ichiro Karato{ 


Rheological properties of the lower mantle have strong influence on the dynamics and evolution 
of Earth. By using the improved methods of quantitative deformation experiments at high 
pressures and temperatures, we deformed a mixture of bridgmanite and magnesiowistite 
under the shallow lower mantle conditions. We conducted experiments up to about 100% strain 
at a strain rate of about 3 x 10°° second +. We found that bridgmanite is substantially stronger 
than magnesiowistite and that magnesiowistite largely accommodates the strain. Our results 
suggest that strain weakening and resultant shear localization likely occur in the lower mantle. 
This would explain the preservation of long-lived geochemical reservoirs and the lack of seismic 
anisotropy in the majority of the lower mantle except the boundary layers. 


arth’s large, rocky lower mantle is mostly 

composed of (Mg,Fe)SiO; bridgmanite (~70%) 

and (Mg,Fe)O magnesiowiistite (~20%) (and 

a few percent of calcium perovskite CaSiO3) 

[e.g., (D]. Many of Earth’s geochemical and 
geophysical questions depend strongly on the 
rheological properties of materials in this region. 
For instance, geochemical observations suggest 
that the lower mantle hosts a large amount of 
incompatible elements working as a reservoir of 
these elements (2, 3). The degree of preservation 
of these reservoirs is controlled by the nature 
of mixing or stirring of materials (4, 5), which 
strongly depends on the rheological properties of 
materials in this region. However, very little is 
currently known about the rheological proper- 
ties of materials in the lower mantle because of 
the difficulties in quantitative experimental studies 
of deformation under the conditions of the lower 
mantle. 


Department of Geology and Geophysics, Yale University, New 
Haven, CT, USA. 

*Present address: Department of Earth and Planetary Sciences, 
Macquarie University, Sydney, NSW, Australia. {Present address: 
Bayerisches Geoinstitut, Universitat Bayreuth, Bayreuth, Germany. 
+Corresponding author. E-mail: shun-ichiro.karato@yale.edu 


The main difficulties include the controlled 
generation of stress (or strain rate) and reliable 
measurements of stress and strain under the 
high-pressure and -temperature conditions [e.g., 
(6)]. Consequently, previous studies on plastic 
deformation of lower mantle minerals were ei- 
ther performed at high pressures and low tem- 
peratures (7-10), at high pressures and high 
temperatures without stress-strain rate control 
(11), or on analog materials at low pressures (12-14). 
Applying low-temperature experiments to Earth’s 
interior is difficult because rheological proper- 
ties are highly sensitive to temperature. Also the 
mechanisms by which deformation occurs are 
sensitive to temperature and strain rate, creating 
extrapolation issues for both low-temperature 
and poorly controlled strain-rate (stress) measure- 
ments [e.g., (15)]. Furthermore, microstructural 
evolution often leads to strain-dependent rheo- 
logical behavior, which is particularly important 
for a sample containing two materials with a 
large strength contrast (16). The lower mantle 
approximates a two-phase mixture (bridgmanite 
and magnesiowiistite) with presumably a large 
strength contrast [e.g., (13, 17, 18)], and therefore 
large strain (>30%) experiments are essential to 
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are different and reflect the respective mobilities, 
with the highest being along the b and ¢ axes, in 
agreement with the calculated lighter effective 
masses along these axes. The distinctive crystal 
structure of SnSe, therefore, plays a key role in the 
exceptional electronic band structure characteris- 
tics that result in an ultrahigh PF and ZT. The 2D 
sheets in SnSe have strong, accordion-like corru- 
gation and are well separated from one another, 
with long intersheet Sn---Se bonding interactions 
of ~3.5 A (Fig. 4). Longer Sn-Se bonding inter- 
actions of ~3.3 A are also present along the cor- 
rugation direction (c axis). Along the c and b 
directions, the Sn-Se bonding is shorter, at 3.3 
and 2.8 A, respectively. As a result, the width of 
the valence bands along these in-plane directions 
is wider (and the effective hole masses lower) 
than along the a direction (lower carrier mobil- 
ities and larger effective hole masses). 

We demonstrate that hole doping SnSe pushes 
its Fermi level deep into the band structure, acti- 
vating multiple valence band maxima that lie close 
together in energy, enabling enhanced Seebeck 
coefficients and power factors (PFs). Therefore, 
the unique electronic band structure of SnSe is 
key to the high power factor and thermoelectric 
performance of the doped samples over a wide 
temperature plateau, from 300 to 773 K. The high 
conversion efficiency improves the prospects of 
realizing very efficient thermoelectric devices with 
hole-doped SnSe crystals as a p-type leg. 
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GEOPHYSICS 


Shear deformation of bridgmanite 
and magnesiowiistite aggregates at 
lower mantle conditions 


Jennifer Girard, George Amulele,* Robert Farla,{ 


Anwar Mohiuddin, Shun-ichiro Karato{ 


Rheological properties of the lower mantle have strong influence on the dynamics and evolution 
of Earth. By using the improved methods of quantitative deformation experiments at high 
pressures and temperatures, we deformed a mixture of bridgmanite and magnesiowistite 
under the shallow lower mantle conditions. We conducted experiments up to about 100% strain 
at a strain rate of about 3 x 10°° second +. We found that bridgmanite is substantially stronger 
than magnesiowistite and that magnesiowistite largely accommodates the strain. Our results 
suggest that strain weakening and resultant shear localization likely occur in the lower mantle. 
This would explain the preservation of long-lived geochemical reservoirs and the lack of seismic 
anisotropy in the majority of the lower mantle except the boundary layers. 


arth’s large, rocky lower mantle is mostly 

composed of (Mg,Fe)SiO; bridgmanite (~70%) 

and (Mg,Fe)O magnesiowiistite (~20%) (and 

a few percent of calcium perovskite CaSiO3) 

[e.g., (D]. Many of Earth’s geochemical and 
geophysical questions depend strongly on the 
rheological properties of materials in this region. 
For instance, geochemical observations suggest 
that the lower mantle hosts a large amount of 
incompatible elements working as a reservoir of 
these elements (2, 3). The degree of preservation 
of these reservoirs is controlled by the nature 
of mixing or stirring of materials (4, 5), which 
strongly depends on the rheological properties of 
materials in this region. However, very little is 
currently known about the rheological proper- 
ties of materials in the lower mantle because of 
the difficulties in quantitative experimental studies 
of deformation under the conditions of the lower 
mantle. 


Department of Geology and Geophysics, Yale University, New 
Haven, CT, USA. 

*Present address: Department of Earth and Planetary Sciences, 
Macquarie University, Sydney, NSW, Australia. {Present address: 
Bayerisches Geoinstitut, Universitat Bayreuth, Bayreuth, Germany. 
+Corresponding author. E-mail: shun-ichiro.karato@yale.edu 


The main difficulties include the controlled 
generation of stress (or strain rate) and reliable 
measurements of stress and strain under the 
high-pressure and -temperature conditions [e.g., 
(6)]. Consequently, previous studies on plastic 
deformation of lower mantle minerals were ei- 
ther performed at high pressures and low tem- 
peratures (7-10), at high pressures and high 
temperatures without stress-strain rate control 
(11), or on analog materials at low pressures (12-14). 
Applying low-temperature experiments to Earth’s 
interior is difficult because rheological proper- 
ties are highly sensitive to temperature. Also the 
mechanisms by which deformation occurs are 
sensitive to temperature and strain rate, creating 
extrapolation issues for both low-temperature 
and poorly controlled strain-rate (stress) measure- 
ments [e.g., (15)]. Furthermore, microstructural 
evolution often leads to strain-dependent rheo- 
logical behavior, which is particularly important 
for a sample containing two materials with a 
large strength contrast (16). The lower mantle 
approximates a two-phase mixture (bridgmanite 
and magnesiowiistite) with presumably a large 
strength contrast [e.g., (13, 17, 18)], and therefore 
large strain (>30%) experiments are essential to 
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characterize the evolution of rheological behav- 
ior of the lower mantle. 

We performed large strain deformation exper- 
iments on a mixture of bridgmanite and mag- 
nesiowiistite by using the rotational Drickamer 
apparatus (19) at the synchrotron x-ray radiation 
facility (fig. S1). We have made several technical 
developments on the cell assembly (Fig. 1) and 
anvil design to increase the maximum pressure 
and to improve the quality of x-ray signals and 
performed quantitative deformation experiments 
under the conditions of the shallow lower mantle 
of Earth. 

We prepared starting materials (ringwoodite 
or bridgmanite and magnesiowiistite) from San 
Carlos olivine by using the Kawai-type multianvil 
press. We carried out in situ deformation exper- 
iments at the shear strain rate of ~3 x 10°° son 
lower mantle mineral mixtures at pressures at 
24 to 27.5 GPa and temperatures up to 2000 to 
2150 K (Table 1). All the deformed samples are 
a mixture of bridgmanite and magnesiowiistite 
with 1:1 mole ratio (~70:30 volume ratio). We es- 
timated the pressure and temperature conditions 
by in situ x-ray diffraction data using the equations 
of state of bridgmanite and magnesiowiistite. We 
also estimated stress from radial x-ray diffraction 
and strain from x-ray image analysis of a Pt strain 
marker sandwiched vertically between two half 
rings of the sample (Fig. 1). 

Stress increases with strain, initially achieving 
nearly steady state at strains higher than ~40%, 
with some hint of strain weakening for bridgmanite 
(Fig. 2). Because of a small sample size, the inten- 
sity of diffraction peaks is relatively weak, and we 
were able to determine the stress only from a 
limited number of diffraction planes. We used 
(110) and (112) planes for bridgmanite and (220) 
and (200) planes for magnesiowiistite. We took 
an arithmetic average of stress values from differ- 
ent planes to estimate the strength of each mate- 
rial. This is a crude way to estimate the strength 
of a polycrystalline material, but the precise re- 
lation between the strength of various slip sys- 
tems and the average strength of an aggregate is 
not known [e.g., (20)]. Although the errors in the 
estimated stress are large, the results show that 
bridgmanite is likely substantially stronger than 
magnesiowistite. 

The microstructures of the deformed samples 
show evidence of substantial plastic deformation 
in both bridgmanite and magnesiowiistite (Fig. 3). 
Magnesiowiistite is isolated in most cases, where- 
as we infer bridgmanite to be interconnected 
on the basis of two-dimensional cross-sectional 
images. A large amount of strain accommoda- 
tion by magnesiowiistite is evident from Fig. 3B, 
because magnesiowiistite is deformed more than 
the bulk strain. This is consistent with the con- 
clusion drawn from the strength determination 
(Fig. 2). Our observations provide direct experi- 
mental verification that bridgmanite is substan- 
tially stronger than magnesiowiistite (13, 17, 18). 

An obvious consequence of such a large rheo- 
logical contrast is the evolution of strain parti- 
tioning with increasing strain, which may lead to 
shear localization [e.g., (16, 27)]. Shear localiza- 
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tion would limit substantial deformation to only 
in or near the boundary layers. Hence, stirring 
and mixing would occur selectively in these re- 
gions, with the rest of the lower mantle deform- 
ing very little. Relatively undeformed regions in 
the lower mantle, where little mass transport takes 
place, may act as long-lived geochemical reservoirs 
suggested by geochemical studies [e.g., (2, 5)]. 
The possible localized deformation would also 
provide an alternative explanation for the ab- 
sence of seismic anisotropy in the majority of the 
lower mantle other than the model proposed by 


A 


Raw pyrophyilite 


Fig. 1. The rotational 
Drickamer apparatus 
(RDA) cell assembly 
used to reach the shal- 
low lower mantle 
conditions. (A) The 
anvils, gaskets, and cell 
assembly for the RDA 
deformation experiment; 
(B) a side view of the 
cell assembly; and 

(C) a top view of the 
cell assembly. Diffracted 
x-ray comes mostly from 
one side of a sample 
closer to the x-ray 
detectors. 


Karato et al. (22), in which they attributed the 
absence of anisotropy in the majority of the lower 
mantle to the operation of diffusion creep. 

Our conclusions are somewhat different from 
those by Wang et al. (14) on the CaGeOs perov- 
skite and MgO analog system. They deformed 
their samples to less than 20% strain and found 
that CaGeOs perovskite is stronger than MgO by 
a factor of ~2. They concluded that the stronger 
phase CaGeOs perovskite controls the strength 
of the two-phase aggregate by comparing the re- 
sults with the strength of pure CaGeO; perovskite. 


sample 


TiC + diamond 

BN 

TiC 

Al 03 single crystal 


Al203(polycrystal) 


Top view of the cell assembly 


platinum foil 


sample 


single crystal 
alumina 


Table 1. Summary of run conditions. The total strain is the equivalent strain, e¢, including both 


axial compression strain (ey) and shear strain (es) as eg = 


on oe 
eu + 3€s- 


Run number Temperature Pressure Total strain Strain rate 
(K) (GPa) (%) («1078 s74) 
beta 74* 2000 + 100 2414 0:5 Aa 


2130 + 100 


274 0:5 


gamma 25 2150 + 100 


US) 22 05) 


48 +15 


*Strain marker was not visible in these runs. Strain was estimated from the angle of rotation of the anvil and 
the relationship between the angle of rotation and shear strain based on previous results. **After annealing, 


the furnace failed. No strain after annealing. 
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Fig. 2. A plot of the gamma 25 
equivalent stress in = bridgmanite 
bridgmanite and © magnesiowistite 
magnesiowiistite as gamma 24 
a function of strain. = bridgmanite — 
Run conditions are © magnesiowistite 
; ; gamma 22 
given in Table 1. Stress = bridgmanite 
in Bridgmanite was © magnesiowistite 
estimated by using beta 74 
diffraction peaks (110) = bridgmanite 
and (112). Stress in magnesiowistite 
magnesiowUstite was 
estimated by using 
diffraction peaks 
(200) and (220). In 
both cases, the 
stresses shown here 
are the arithmetic 
average of stresses 
estimated from these 
planes. Some hint of 
strain weakening can 
be seen, particularly 
for bridgmanite 
(hatched regions are drawn to guide the eyes). Results from beta 74 are based on estimated strain 
(strain marker was not visible). Also, the pressure and temperature conditions for beta 74 are 
different from all others. Bars represent the errors. Errors are given for one standard deviation and 
are due to the uncertainties in the peak shift and the fitting errors to equation S1 (supplementary 
materials). 


Equivalent stress (GPa) 


Equivalent strain (%) 


7 ra 
~s “1009Strain = = 


Fig. 3. SEM (scanning electron microscope) back-scattering images of the recovered sample from 
the run gamma 21. (A) A back-scattered electron image of the RDA cell assembly cut along the diameter. 
The sample position, alumina ring, and TiC central electrode are labeled for clarity. The layers of material 
above the sample are also identified (ZrO2, Al2O3, TiC+Diamond, BN). (B) A back-scattered electron 
image of the recovered sample from the run gamma 21, deformed up to 100% strain. The light gray 
grains are mangesiowUstite, and the dark gray grains are bridgmanite. An oblate shape shows a strain 
ellipsoid corresponding to the bulk strain of 100%. Arrows indicate the sense of shear. (©) A back- 
scattered electron image of an undeformed sample from the run gamma 23. This sample was annealed at 
274 GPa and 2140 K and quenched after 1.5 hours. 
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Although their observations on the strength con- 
trast are similar to ours, we suggest that the larg- 
er strength contrast we observed for the lower 
mantle aggregate could promote shear localiza- 
tion more than an analog material where the 
strength contrast is less. Also, the difference in 
the strain magnitude may be responsible for the 
somewhat different results. Wang et al. (14) did 
not observe strain weakening but rather strain 
hardening at strain less than 20%. In that small 
strain regime, we also observed strain hardening. 
In contrast, we observed the hint of strain weak- 
ening at ~30% strain (Fig. 2). This suggests that 
the strength of the lower mantle aggregate could 
be controlled by a weaker phase at large strain. 
Similarly, a numerical study of deformation of a 
mixture of bridgmanite and magnesiowiistite by 
Madi et al. (23) showed no large strain partition- 
ing to magnesiowiistite, but this study was made 
to very small strain (~10~“*). 

We must examine the validity of the necessary 
extrapolation in strain rate (or stress level) from 
laboratory data to deformation in Earth. We 
conclude that dislocation creep dominates under 
the present experimental conditions on the basis 
of the large variation in stress estimated for dif- 
ferent diffraction planes (24). Seismological ob- 
servations of distribution of anisotropy suggest 
that dislocation creep may dominate in the bound- 
ary layers in the lower mantle (25). The stress 
dependence of strain rate in dislocation creep 
regime is similar between orthorhombic perov- 
skite and magnesiowiistite (26, 27). Consequently, 
the strength contrast between the two minerals 
deformed at geological strain rate would be sim- 
ilar to the contrast observed at laboratory strain 
rate in the boundary layer, where much of de- 
formation occurs. 

However, our current results contain major lim- 
itations, including (i) deformation mechanisms 
are not clearly identified, and the flow law was 
not determined in any detail; and (ii) the maxi- 
mum strain is still low, and therefore the degree 
to which strain weakening could occur is unclear. 
In addition to well-characterized experimental 
studies to larger strains, characterization of strain 
weakening (and shear localization) may require 
numerical modeling, because small sample size 
might limit the full development of shear local- 
ization. The demonstration of significant stress- 
strain partitioning (and evolution) between the 
two major phases in the lower mantle, potentially 
resulting in shear localization, highlights the im- 
portance of experimental studies of deformation 
in interpreting geochemical and geodynamical 
observations. 
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GEOMORPHOLOGY 


Repeated catastrophic valley infill 
following medieval earthquakes in 


the Nepal Himalaya 


Wolfgang Schwanghart,'* Anne Bernhardt,’ Amelie Stolle,’ Philipp Hoelzmann,” 
Basanta R. Adhikari,® Christoff Andermann,* Stefanie Tofelde,’ Silke Merchel,°” 


Georg Rugel,” Monique Fort,® Oliver Korup* 


Geomorphic footprints of past large Himalayan earthquakes are elusive, although they are 
urgently needed for gauging and predicting recovery times of seismically perturbed mountain 
landscapes. We present evidence of catastrophic valley infill following at least three medieval 
earthquakes in the Nepal Himalaya. Radiocarbon dates from peat beds, plant macrofossils, 
and humic silts in fine-grained tributary sediments near Pokhara, Nepal’s second-largest city, 
match the timing of nearby M > 8 earthquakes in ~1100, 1255, and 1344 C.E. The upstream dip of 
tributary valley fills and x-ray fluorescence spectrometry of their provenance rule out local 
sources. Instead, geomorphic and sedimentary evidence is consistent with catastrophic fluvial 
aggradation and debris flows that had plugged several tributaries with tens of meters of 
calcareous sediment from a Higher Himalayan source >60 kilometers away. 


he M,, 7.8 Gorkha earthquake that struck 
Nepal in April 2015 confirmed high seismic 
risk projections for the Himalayas (J, 2), in- 
ferred mostly from paleoseismological proxies 
of past events (3-6). Strong ground shaking 
caused the collapse of more than half a million 
homes, killing more than 8500 people and injur- 
ing more than 20,000. Landslides buried villages, 
roads, and river channels, consistent with coseismic 
impacts reported from other active mountain belts 
(7). Detailed sediment budgets show that landslides 
triggered by strong seismic ground shaking may 
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rapidly detach millions to billions of cubic meters of 
rock, soil, and biomass, providing this material for 
subsequent entrainment by surface runoff and riv- 
er flows (8). The resulting sediment pulses may fill 
even rapidly incising bedrock rivers by up to several 
tens of meters (9), thereby causing protracted chan- 
nel instability, impeding access to emergency areas, 
destroying hydropower facilities, and compromis- 
ing post-disaster rehabilitation efforts. Detailed 
mass balances of recent large earthquakes in China 
(10), Taiwan (11), Japan (12), and New Zealand (13) 
offer blueprints of how river networks recover from 
sudden input of excess sediment over several years 
to centuries. The high sediment transport rates in 
many mountain rivers, however, rarely sustain evi- 
dence of prehistoric earthquake-induced sedimen- 
tation pulses. In these cases, depositional records of 
catastrophic aggradation in forelands are more in- 
structive (74). Both of these lines of evidence for un- 
derstanding river network recovery have remained 
elusive in the Himalayas. We present exceptionally 
well-preserved sedimentary archives that connect 
landscape-scale disturbance around Pokhara, Nepal, 


to at least three documented medieval megathrust 
earthquakes (3). 

The city of Pokhara (28°13°N, 83°59°E, 870 m 
above sea level) is located at the foot of the >8000-m 
peaks of the Annapurna Massif in the Seti Khola 
valley (Fig. 1). This steep orographic gradient re- 
ceives monsoonal rainfall of ~4000 mm year ! (15). 
Pokhara’s geology features primarily Precambrian 
metamorphic sandstones, shales, and dolomites. 
Other rocks include Paleozoic phyllites and schists 
of the Lesser Himalayan Series (LHS). Higher 
Himalayan Crystalline (HHC) rocks north of the 
Main Central Thrust (MCT) are Precambrian high- 
grade metamorphic quartzites, schists, and gneisses 
(16, 17). Marine calcareous metasediments of the 
Tethyan Sedimentary Series (TSS) prevail north of 
the South Tibetan Detachment Zone (J8, 19). 
Pokhara sits on a large sediment fan built by the 
upper Seti Khola that drains the partly glaciated 
and debris-filled Sabche Cirque in the Annapurna 
Massif. The fanhead near the MCT grades into a 
~60-km-long flight of prominent terraces down- 
stream that rise up to 140 m above the river bed and 
envelop several LHS bedrock hills (20). The fan 
has three stratigraphic units called the Tallakot, 
Ghachok, and Pokhara Formations. We focus on the 
youngest Pokhara Formation composed of exten- 
sive coarse gravel sheets, numerous boulders >10 m 
in diameter, and thick debris flow deposits. Digital 
topographic data (27) confirm damming of the more 
than a dozen tributaries along Seti Khola’s course 
of >60 km by Pokhara Formation sediments (20). 
These deposits dip upstream into tributary valleys 
for >1 km and up to 7 km along the Magdi and 
Saraudi Khola featuring several meters of inter- 
calated gravel, sand, and silt beds. We sampled 
enclosed peat beds, charcoal lenses, and plant mac- 
rofossils (figs. S1 and $2) for radiocarbon ("*C) 
dating and for any earthquake-related sedimen- 
tation in eight different tributaries (table S1). 

Bayesian calibration of 26 “C ages with a prior 
informed by stratigraphic relationships between 
the samples (22) returned a pooled posterior dis- 
tribution with three distinct peaks that match, 
within error, the timing of three large medieval 
earthquakes in ~1100, 1255, and 1344 C.E. (3-5) 
(Fig. 2, figs. S3 to S5, and table $2). Our oldest “Cc 
dates offer support for the timing of the ~1100 C.E. 
earthquake, which has so far been inferred from 
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Repeated catastrophic valley infill 
following medieval earthquakes in 


the Nepal Himalaya 
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Geomorphic footprints of past large Himalayan earthquakes are elusive, although they are 
urgently needed for gauging and predicting recovery times of seismically perturbed mountain 
landscapes. We present evidence of catastrophic valley infill following at least three medieval 
earthquakes in the Nepal Himalaya. Radiocarbon dates from peat beds, plant macrofossils, 
and humic silts in fine-grained tributary sediments near Pokhara, Nepal’s second-largest city, 
match the timing of nearby M > 8 earthquakes in ~1100, 1255, and 1344 C.E. The upstream dip of 
tributary valley fills and x-ray fluorescence spectrometry of their provenance rule out local 
sources. Instead, geomorphic and sedimentary evidence is consistent with catastrophic fluvial 
aggradation and debris flows that had plugged several tributaries with tens of meters of 
calcareous sediment from a Higher Himalayan source >60 kilometers away. 


he M,, 7.8 Gorkha earthquake that struck 
Nepal in April 2015 confirmed high seismic 
risk projections for the Himalayas (J, 2), in- 
ferred mostly from paleoseismological proxies 
of past events (3-6). Strong ground shaking 
caused the collapse of more than half a million 
homes, killing more than 8500 people and injur- 
ing more than 20,000. Landslides buried villages, 
roads, and river channels, consistent with coseismic 
impacts reported from other active mountain belts 
(7). Detailed sediment budgets show that landslides 
triggered by strong seismic ground shaking may 
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rapidly detach millions to billions of cubic meters of 
rock, soil, and biomass, providing this material for 
subsequent entrainment by surface runoff and riv- 
er flows (8). The resulting sediment pulses may fill 
even rapidly incising bedrock rivers by up to several 
tens of meters (9), thereby causing protracted chan- 
nel instability, impeding access to emergency areas, 
destroying hydropower facilities, and compromis- 
ing post-disaster rehabilitation efforts. Detailed 
mass balances of recent large earthquakes in China 
(10), Taiwan (11), Japan (12), and New Zealand (13) 
offer blueprints of how river networks recover from 
sudden input of excess sediment over several years 
to centuries. The high sediment transport rates in 
many mountain rivers, however, rarely sustain evi- 
dence of prehistoric earthquake-induced sedimen- 
tation pulses. In these cases, depositional records of 
catastrophic aggradation in forelands are more in- 
structive (74). Both of these lines of evidence for un- 
derstanding river network recovery have remained 
elusive in the Himalayas. We present exceptionally 
well-preserved sedimentary archives that connect 
landscape-scale disturbance around Pokhara, Nepal, 


to at least three documented medieval megathrust 
earthquakes (3). 

The city of Pokhara (28°13°N, 83°59°E, 870 m 
above sea level) is located at the foot of the >8000-m 
peaks of the Annapurna Massif in the Seti Khola 
valley (Fig. 1). This steep orographic gradient re- 
ceives monsoonal rainfall of ~4000 mm year ! (15). 
Pokhara’s geology features primarily Precambrian 
metamorphic sandstones, shales, and dolomites. 
Other rocks include Paleozoic phyllites and schists 
of the Lesser Himalayan Series (LHS). Higher 
Himalayan Crystalline (HHC) rocks north of the 
Main Central Thrust (MCT) are Precambrian high- 
grade metamorphic quartzites, schists, and gneisses 
(16, 17). Marine calcareous metasediments of the 
Tethyan Sedimentary Series (TSS) prevail north of 
the South Tibetan Detachment Zone (J8, 19). 
Pokhara sits on a large sediment fan built by the 
upper Seti Khola that drains the partly glaciated 
and debris-filled Sabche Cirque in the Annapurna 
Massif. The fanhead near the MCT grades into a 
~60-km-long flight of prominent terraces down- 
stream that rise up to 140 m above the river bed and 
envelop several LHS bedrock hills (20). The fan 
has three stratigraphic units called the Tallakot, 
Ghachok, and Pokhara Formations. We focus on the 
youngest Pokhara Formation composed of exten- 
sive coarse gravel sheets, numerous boulders >10 m 
in diameter, and thick debris flow deposits. Digital 
topographic data (27) confirm damming of the more 
than a dozen tributaries along Seti Khola’s course 
of >60 km by Pokhara Formation sediments (20). 
These deposits dip upstream into tributary valleys 
for >1 km and up to 7 km along the Magdi and 
Saraudi Khola featuring several meters of inter- 
calated gravel, sand, and silt beds. We sampled 
enclosed peat beds, charcoal lenses, and plant mac- 
rofossils (figs. S1 and $2) for radiocarbon ("*C) 
dating and for any earthquake-related sedimen- 
tation in eight different tributaries (table S1). 

Bayesian calibration of 26 “C ages with a prior 
informed by stratigraphic relationships between 
the samples (22) returned a pooled posterior dis- 
tribution with three distinct peaks that match, 
within error, the timing of three large medieval 
earthquakes in ~1100, 1255, and 1344 C.E. (3-5) 
(Fig. 2, figs. S3 to S5, and table $2). Our oldest “Cc 
dates offer support for the timing of the ~1100 C.E. 
earthquake, which has so far been inferred from 
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Fig. 1. Topographic and geological setting of the Pokhara Valley. The valley is coded contours define the large sediment fan formed by the Seti Khola issuing 
covered by fan deposits of 4 to 5 km? that attest to massive aggradation from from the Higher Hirmalayan Annapurna Massif. (C) Example of a longitudinal profile 
the Annapurna Massif. (A) Oblique view of the Pokhara region, Nepal Himalaya, of small tributary backfilled by slackwater deposits (gray) of the Pokhara Formation 
with the fan-shaped Pokhara Formation (yellow) ponding several lakes (light blue) (yellow). Error bars (+20) refer to GPS-derived elevation measurements of the for- 
and tributaries [K. = Khola (river)], and 2012 rock-ice avalanche. (B) Shaded relief mer aggradation surface. (D) Simplified geological map (16) highlights the extent 
map from 15-m digital elevation model (a.s.|., above sea level). Concentric color- of the catastrophically emplaced Pokhara Formation (see text for abbreviations). 


fault trenches (5). Each of the three medieval earth- 
quake dates lies within the 95% highest density 
intervals of at least five “C dates. Our dates form a 
highly credible cluster that may match with an- 
other historically documented large event in 1223. 
The size and impact of this earthquake are unclear 
(4), however, when compared to studies on the 
1255 CE. earthquake. Four statistically indistin- 
guishable “C dates spanning an 8-m-thick section 
of the trimmed fan toe in the Phusre Khola mark 
rapid aggradation tied to these earthquakes (fig. 
S6). A prominent and partly rounded 3000-ton 
HHC boulder (fig. S2), located on top of the Pokhara 
Formation and stranded ~50 m above the chan- 
nel bed of the Seti Khola, has a cosmogenic !°Be 
. exposure age coeval with another major earth- 
500 4000 4500 2000 quake in 1681 C.E. (3). Regardless of whether 

Calendar year (C.E.) this boulder was moved by sediment-laden flows, 
etched from the underlying deposits, or simply 
Fig. 2. Bayesian calibration of 4C ages of the Pokhara Formation. Posterior probability densities | toppled, it provides a minimum age for the Pokhara 
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~1100, 1255, and 1344 C.E. (black dashed lines; gray dashed lines are other large earthquakes with little | Formation that illustrate its catastrophic origin. 
information on rupture extent; the 1505 C.E. earthquake is not reflected in our “C dates). Shaded red boxis | Two main facies of conglomeratic sediments are 
95% HDI for the ~1100 C.E. earthquake based on recalibrated “C ages (5). exposed within the trunk valley of the Seti Khola 
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Fig. 3. Sediments of the Pokhara Formation. Fluvial processes and debris flows 
deposited extensive horizontal layers of poorly sorted conglomerate. (A) Panorama 
of the Pokhara sediment fan surface dissected by the Seti Khola and its trib- 
utaries (see Fig. 1A for location). (B and C) Poorly sorted, gravel-to-boulder, clast- 
supported conglomerate lacking erosional features and current structures. 
(D) Slackwater deposits in Saraudi Khola with cohesive debris flow deposits 


(light gray) topped by intercalated massive mud (dark gray), sands, and silts 
(light brown); white ellipses show persons for scale. (E) Mud matrix—supported, 
fining-upward conglomerate interpreted as long-runout debris flow deposits 
>40 km from their source. (F) Rip-up clasts in basal debris flow unit. (G) Massive 
dark gray, clast-supported, fining-upward pebble-to-granule layers with interbedded 
sands (light brown) indicate rapid settling from sediment-laden flow. 


and form continuous layers for tens to hundreds 
of meters that dip at shallow angles (~0.5° to 1.2° 
measured by a tachymeter) in the direction of 
paleoflow. The first facies comprises >10-m-thick 
beds of a massive, matrix-supported, very poorly 
sorted, and locally fining-upward conglomerate of 
HHC gravels, boulders, and rip-up clasts that in- 
dicate emplacement by cohesive debris flows (Fig. 
3 and fig. S7). At least three fining-upward cycles 
point to large debris flows, but they may equally 
well represent surges within one large event. The 
second conglomerate facies forms clast-supported 
units up to 40 m thick. The lack of current struc- 
tures and erosive contacts, together with fining- 
upward massive pebble- to granule-bearing sheets, 
indicates rapid fallout from high concentrations of 
solids (Fig. 3). We interpret these clast-supported 
conglomerates to reflect rapid aggradation during 
turbulent, sediment-laden flows. The massive, 
structureless clay and silt layers in tributary valleys 
indicate rapid suspension fallout that we attribute 
to a waning flow velocity and possibly ponding. 
The dominance of dark limestone together with 
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occasional HHC kyanite-sillimanite gneiss, pyrox- 
enic marble, and augen gneiss excludes local LHS 
sediment sources. 

Using x-ray fluorescence spectrometry of the 
fine-grained fraction of the Pokhara Formation, 
we confirmed an elemental composition different 
from the phyllitic bedrock in these LHS tributaries 
(Fig. 4). We found instead with x-ray diffraction a 
mineral composition rich in calcium carbonates, 
dolomite, muscovite, and traces of pyrite (table S3) 
characteristic of TSS rocks, particularly Nilgiri 
Limestone (19), from Sabche Cirque. We infer a cat- 
astrophic sediment transport over >60 km that cul- 
minated in deposits invading for several kilometers 
the lower reaches of several tributaries. 

Catastrophic outbursts from natural dams and 
large rock-ice avalanches are two possible mech- 
anisms for producing the long-runout debris flows. 
The clustered “C dates, the confined sediment prov- 
enance, and the dammed tributary mouths are 
consistent with one or several dam-break flows (23). 
We interpret the thick stacks of fine-grained sedi- 
ments as slackwater deposits trapped in tributary 


valleys during backwater flooding (24). The Seti 
bedrock gorge upstream of the MCT had previously 
accommodated temporary lakes, judging from at 
least three dissected landslide dams up to 300 m in 
height (fig. S8). Dam-break modeling (22) shows 
that sudden failure of a 300-m-high dam could re- 
lease up to 1 km? of water at a peak discharge of 
45,000 to 600,000 m? s” in the lower Seti gorge. 
Although exceeding the largest historic lake out- 
bursts in the Himalaya (25), several such major 
events would be needed to deliver the 4 to 5 km? of 
sediments in the Pokhara Formation downstream 
(20), assuming a solids concentration of 80% by vol- 
ume that is characteristic of cohesive debris flows. 
Some 10 to 15 km? of debris and lake sediments 
lining the Sabche Cirque floor (20) could feed lake 
outbursts and provide the necessary geochemical 
fingerprint for repeated catastrophic aggradation in 
the Pokhara basin. 

Catastrophic rock-ice avalanches from the Anna- 
purna Massif (20) represent an alternative initia- 
tion process for long-runout debris flows. Historic 
case studies from Peru (26), Tibet (27), and the 
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Fig. 4. Provenance of slackwater 
deposits from x-ray fluorescence spec- 
trometry indicating highly localized 
High Himalayan source of the Pokhara 
Formation. Hierarchical cluster analysis 
yields three major classes of elemental 
compositions of LHS bedrock, slackwater 
deposits, fine-grained flood and debris 
flow deposits of the Pokhara Formation, 
and recent flood sediments of the Seti 
Khola and its tributaries. The three 
classes indicate sediment sources. 
Elemental compositions of the sedimen- 
tary fills in tributary mouths are highly 
similar, indistinguishable from load 
transported by the Seti Khola, and attest 
to a common source in the Sabche 
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Caucasus (28) showed how rock avalanches detach- 
ing >10’ m? from >4000-m-high mountains en- 
trained glacier ice and transformed into debris flows 
and sediment-laden flows, which traveled as far 
as 130 km at average velocities of >30 km hour™ (26). 
The case of the earthquake-triggered rock-ice ava- 
lanche from the Andean peak of Nevados Huascaran 
(6654 m) that buried the town of Yungay beneath 
a large debris flow fan (26) in 1970 is strikingly 
similar to that of Pokhara in terms of topographic 
relief contrasts and far-reaching geomorphic im- 
pact, although much smaller in size. Some of 
the debris mounds in Sabche Cirque may partly 
derive from catastrophic rock slope failures, pos- 
sibly larger than the recent one that detached 
~59 Mt of rock and ice from the flanks of Anna- 
purna IV and evolved into a flash flood that killed 
more than 70 people in the lower Seti gorge in 
May 2012 (29). 

Our findings substantiate previous hypotheses 
of a catastrophic origin of the Pokhara Forma- 
tion (30), merging several lines of evidence that 
point consistently to highly mobile mass move- 
ments from the upper Seti catchment triggered 
by medieval earthquakes. This geomorphic legacy 
of multiple earthquake-driven sedimentation pulses 
is unique in the Himalayas, recording episodic 
plugging of tributaries by rapid fluvial aggradation 
and long-runout debris flows from a single HHC 
source rather than aggradation in response to local 
coseismic landsliding. The large medieval sedi- 
ment pulse(s) from the confined source area of the 
upper Seti Khola would have been accompanied 
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by thousands of smaller landslide point sources, 
judging from the patterns of historic earthquakes 
including the 2015 Gorkha events (7). Yet evidence 
of repeated catastrophic valley infill following the 
cluster of medieval earthquakes so far remains 
limited to the Pokhara region. We cannot discount 
the remote probability that our “C dates might 
have no causal connection with the timing of large 
medieval earthquakes; at least, our “C dates show 
no conclusive correlation with temperature and 
monsoon proxies for the region (fig. S9). Contem- 
porary rates of river incision into the Pokhara 
Formation remain high, triggering widespread bank 
erosion, terrace slumps, local ground subsidence, 
and high sediment yields. Thus, geomorphic adjust- 
ment to several medieval catastrophic aggradation 
pulses has been ongoing for at least three centuries 
and clearly outweighs previously documented peri- 
ods of postseismic river recovery in the Himalayas 
or elsewhere (8-13). We conclude that Pokhara’s 
current earthquake vulnerability profile (37) should 
consider in more detail the potential impacts and 
consequences of postseismic sediment pulses. 
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SOLAR CELLS 


A mixed-cation lead mixed-halide 
perovskite absorber for tandem 
solar cells 


David P. McMeekin,* Golnaz Sadoughi,’ Waqaas Rehman,’ Giles E. Eperon,* 
Michael Saliba,’ Maximilian T. Hérantner,’ Amir Haghighirad,’ Nobuya Sakai," 
Lars Korte,” Bernd Rech,” Michael B. Johnston,’ Laura M. Herz,’ Henry J. Snaith'* 


Metal halide perovskite photovoltaic cells could potentially boost the efficiency of 
commercial silicon photovoltaic modules from ~20 toward 30% when used in tandem 
architectures. An optimum perovskite cell optical band gap of ~1.75 electron volts (eV) can 
be achieved by varying halide composition, but to date, such materials have had poor 
photostability and thermal stability. Here we present a highly crystalline and 
compositionally photostable material, [HC(NHz2)2]o.83CSo.17Pb(lo.6Bro.4)3, with an optical 
band gap of ~1.74 eV, and we fabricated perovskite cells that reached open-circuit voltages 
of 1.2 volts and power conversion efficiency of over 17% on small areas and 14.7% on 
0.715 cm? cells. By combining these perovskite cells with a 19%-efficient silicon cell, we 
demonstrated the feasibility of achieving >25%-efficient four-terminal tandem cells. 


ne concept for improving the efficiency of 
photovoltaics (PVs) is to create a “tandem 
junction”; for example, by placing a wide- 
band-gap “top cell” above a silicon (Si) “bot- 


junctions (3). However, suitable wide-band-gap 
top-cell materials for Si or thin-film technologies 
that offer stability, high performance, and low 
cost have been lacking. In recent years, metal 


tom cell.” This approach could realistically 
increase the efficiency of the Si cell from 25.6 to 
beyond 30% (J, 2). Given the crystalline Si band 
gap of 1.1 eV, the top cell material requires a band 
gap of ~1.75 eV in order to current-match both 


halide perovskite-based PVs have gained atten- 
tion because of their high power conversion ef- 
ficiencies (PCEs) and low processing cost (4-11). 
An attractive feature of this material is the ability 
to tune its band gap from 1.48 to 2.3 eV (12, 13), 


implying that we could potentially fabricate an 
ideal material for tandem cell applications. 

Perovskite-based PVs are generally fabricated 
with organic-inorganic trihalide perovskites with 
the formulation ABX;, where A is the methylam- 
monium (CH3NH3) (MA) or formamidinium 
[HC(NH,).] (FA) cation, B is commonly lead (Pb), 
and X is a halide (Cl, Br, or I). Although these pe- 
rovskite structures offer high PCEs, reaching >20% 
PCE with band gaps of around 1.55 eV (14), funda- 
mental issues have been discovered when attempt- 
ing to tune their band gaps to the optimum 1.7- to 
1.8-eV range. In the case of MAPD[Iq.2)Brz]3, 
Hoke et al. reported that soaking it with light in- 
duces a halide segregation within the perovskite 
(15). The formation of iodide-rich domains with a 
lower band gap results in an increase in sub-gap 
absorption and a red shift of photoluminescence 
(PL). The lower-band-gap regions limit the voltage 
attainable with such a material, so this band-gap 
“photoinstability” limits the use of MAPb[Iq.2)Brzl3 
in tandem devices (15). In addition, when consid- 
ering real-world applications, MAPDbI; is inherently 
thermally unstable at temperatures above 85°C, 
even in aninert atmosphere (international regu- 
lations require a commercial PV product to with- 
stand this temperature) (16). 

Concerning the more thermally stable FAPbX3 
perovskite, an increase in optical band gap has 


1Clarendon Laboratory, University of Oxford, Parks Road, 
Oxford OX1 3PU, UK. *Helmholtz-Zentrum Berlin fiir 
Materialien und Energie, Institute for Silicon Photovoltaics, 
Kekuléstrasse 5, 12489 Berlin, Germany. 

*Corresponding author. E-mail: henry.snaith@physics.ox.ac.uk 


A FAPb(lu ~Brx)3 B 
Xot DS O8 OF O06 OS G4 O38 G2 O11 


FAos3CSo17Pb(IaBrs)3 
Xot 09 O8 OF O06 OS OA O38 O2 Of 


FAPD(|,,)Br,)3 


x= 
x= 
x= 
x= 
x= 
x= 
x= 
x= 
x= 
x= 
x= 


i] 
Absorption (a.u.) 


14.5 
20 (degrees) 


600 700 
Wavelength (nm) 


Fig. 1. Tuning the band gap. Photographs of perovskite films with Br composition increasing from x = O to 1 for (A) FAPb[la...Br.]J3 and (B) FAog3Csoi7Pb[la.9Br]s. 
(C) Ultraviolet-visible absorbance spectra of films of FAPb[Ia.)Br]3 and (D) FAog3Csoi7Pb[Ia.qBrJ3. a.u., arbitrary units. (E) XRD pattern of FAPb[lq.9BrxJ3 and 
(F) FAog3Cso17Pb[l(1.)Br,]3. The stated compositions are the fractional compositions of the ions in the starting solution, and the actual composition of the crystallized 
films may vary slightly. 
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Fig. 2. Material characteristics of FAo.33CSo37Pb(lo¢Bro,.4)3 perovskite. Normalized PL measurement measured after O, 5, 15, 30, and 60 min of light exposure 
of the (A) MAPb(lo¢Bro.4)3 and (B) FAog3CSoi7Pb(lo¢Bro)3 thin films. (C) Semi-log plot of EQE at the absorption onset for a FAgg3CSoi7Pb(lo.¢Bro.4)3 PV cell, 
measured using FTPS at short-circuit (Jsc). (D) OPTP transients for a FAgg3CSo17Pb(logBro.4)3 thin film, measured after excitation with a 35-fs light pulse of 
wavelength 400 nm with different fluences. (E) Charge-carrier diffusion length L as a function of charge-carrier concentration. 


not resulted in an expected increase in open- 
circuit voltage (Voc) (13). Furthermore, as iodide 
is substituted with bromide, a crystal phase tran- 
sition occurs from a trigonal to a cubic structure; 
in compositions near the transition, the material 
is unable to crystallize, resulting in an appar- 
ently “amorphous” phase with high levels of ener- 
getic disorder and unexpectedly low absorption. 
These compositions additionally have much lower 
charge-carrier mobilities in the range of lem? V* 
s-/, in comparison to >20 cm? V's" in the neat 
iodide perovskite (17). For tandem applications, 
these problems arise at the Br composition needed 
to form the desired top-cell band gap of ~1.7 to 18 eV. 

Nevertheless, perovskite/Si tandem PVs have al- 
ready been reported in four-terminal (78, 19) and 
two-terminal (20) architectures. However, their 
reported efficiencies have yet to surpass the opti- 
mized single-junction efficiencies, in part because 
of non-ideal absorber band gaps. It is possible to 
form a lower-band-gap triiodide perovskite mate- 
rial and current-match the top and bottom junc- 
tions in a monolithic architecture by simply re- 
ducing the thickness of the top cell. However, this 
method results in non-ideal efficiency. 
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Here we address the issues of forming a photo- 
stable FA-based perovskite with the ideal band 
gap for tandem PVs. We partially substituted the 
formamidinium cation with Cs and observed that 
the phase instability region was entirely eliminated 
in the iodide-to-bromide compositional range, 
delivering complete tunability of the band gap 
around 1.75 eV. We fabricated planar heterojunc- 
tion perovskite PVs, demonstrating PCE of >17% 
and stabilized power output (SPO) of 16%. To dem- 
onstrate the potential impact of this new perov- 
skite material in tandem solar cells, we created a 
semi-transparent perovskite device and measured 
the performance of a silicon PV after “filtering” 
the sunlight through the perovskite top cell. The 
Si cells delivered an efficiency boost of 7.3%, indi- 
cating the feasibility of achieving >25%-efficient 
perovskite/Si tandem cells. 

The A-site cations that could be used with lead 
halides to form suitable perovskites for PVs are Cs, 
MA, and FA. CsPbI; does form a “black phase” pe- 
rovskite with a band gap of 1.73 eV, but this ap- 
propriate phase is only stable at temperatures above 
200° to 300°C, and the most stable phase at room 
temperature is a nonperovskite orthorhombic “yel- 


low” phase. MA-based perovskites are thermally 
unstable and suffer from halide segregation in- 
stabilities, and are thus likely to be unsuitable (16). 
FA-based perovskites are the most likely to deliver 
the best balance between structural and thermal 
stability (13, 21-25). However, in Fig. 1A, we show 
photographs of a series of FAPb[Iq.2)Bry]3 films; 
we observed a “yellowing” of the films for compo- 
sitions of x between 0.3 and 0.6, which is consist- 
ent with the previously reported phase instability 
caused by a transition from a trigonal (wv < 0.3) toa 
cubic (w > 0.5) structure (13). 

We have previously observed that the band 
gap changes from 148 eV for FAPbI; to 1.73 eV 
for CsPbI; (13). Recently it has been shown that 
mixing Cs with FA or MA results in a slight wide- 
ning of the band gap (26, 27). We considered the 
possibility that if we partially substituted FA for 
Cs, we could push this region of structural insta- 
bility in the Br-to-I phase space to higher ener- 
gies, and thus potentially achieve a structurally 
stable mixed-halide perovskite with a band gap 
of 1.75 eV. In Fig. 1B, we show photographs of 
thin films fabricated from mixed-cation lead 


mixed-halide FAgg3Cso77Pb[a..»Brz]3 compositions. 
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Fig. 3. Device architecture and I-V characteristics for FAo.33CSo17Pb(lo.¢Bro.4)3 perovskite and Si PV cells. (A) Scanning electron microscope image of a 
cross-section of a planar heterojunction solar cell. PCBM, phenyl-C60-butyric acid methyl ester. (B) Forward bias to short-circuit /-V curve for the best perovskite 
devices fabricated, using either a Ag metal or semi-transparent ITO top electrode, measured at a 0.38 V/s scan rate. FF, fill factor. We also show the /-V curve of a 
SH4J cell, measured with direct light or with the simulated sunlight filtered through the semi-transparent perovskite solar cell (37). The SHJ cells were measured 
at the Centre For Renewable Energy Technologies, Loughborough, UK, under an extremely well-calibrated solar simulator. (©) Photocurrent density and power 
conversion efficiency measured at the maximum power point for a 30-s time span. (D) EQE spectrum measured in short-circuit (Usc) configuration for the 
highest-efficiency perovskite cell and the SHJ cell measured with the incident light filtered through the semi-transparent perovskite cell. 


Unexpectedly, we did not simply shift the re- 
gion of structural instability to higher energy, but 
we observed a continuous series of dark films 
throughout this entire compositional range. To 
confirm these observations, we also performed 
ultraviolet-visible absorption measurements. We 
obtained a sharp optical band edge for all com- 
positions of the FAos3Cso1;Pb[I¢.2)Brz]z material 
(Fig. 1, C and D), in contrast to FAPb[Ig..)Brz]3, 
which shows weak absorption in the intermediate 
range. 

In order to understand the impact of adding Cs 
upon the crystallization of the perovskite, we per- 
formed x-ray diffraction (XRD) on the series of films 
covering the I-to-Br compositional range. In Fig. 1E, 
we show the XRD patterns for FAPb[.2Brzls, 
zoomed in to the peak around 20 ~ 14° [the com- 
plete diffraction pattern is shown in fig. S1, along 
with more details on fitting these data (28)]. For 
the FAo 3Cso17Pb[Iq.2)Brz]3 perovskite, the ma- 
terial is in a single phase throughout the entire 
composition range. The monotonic shift of the 
(100) reflection that we observed from 20 ~ 14.2° to 
14.9° is consistent with a shift of the cubic lattice 
constant from 6.306 to 5.955 A as the material in- 
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corporates a larger fraction of the smaller halide, 
Br [in fig. S2, we show the complete diffraction 
pattern (28)]. Thus, for the FAg g3Cso3-Pb[I¢.)Bra]3 
perovskite, we have removed the structural phase 
transition and instability over the entire compo- 
sitional range [in figs. S3 to S5 we show details of 
varying the Cs concentration and the Br-to-I con- 
centration (28)]. Over the entire Br-to-I range, and 
for a large fraction of the Cs-FA range, the variation 
in lattice constant, composition, and optical band 
gap precisely follows Vegard's law [fig. S6 (28)], so we 
have total flexibility and predictability in tuning 
the composition and its impact on the band gap. 
For the results that follow below, we used the precise 
composition FA g3Cso1;Pb(o.¢Bro.4)3, Which has 
an optical band gap of 1.74 eV as determined by a 
Tauc plot [fig. S7 (28)]. 

Photoinduced halide segregation has been re- 
ported in methylammonium lead mixed-halide 
perovskites (15). A red shift in PL upon light 
illumination, for intensities ranging from 10 to 
100 mW cm” occurs, with the shift to lower ener- 
gies resulting from the formation of iodine-rich 
domains that have lower band gaps. This limits 
the achievable open-circuit voltage of the solar cell 


device by introducing a large degree of electronic 
disorder. In Fig. 2, we show the PL from films of 
MAPb( 6Bro.4)3 perovskite and the mixed-cation 
mixed-halide material FAg83CSo17Pb(Io,6Bro.4)3, im- 
mediately after prolonged periods of light expo- 
sure, using a power density of ~3 mW cm™~ anda 
wavelength of 550 nm as an excitation source. We 
confirmed the results observed by Hoke et al.; that 
is, we saw a time-dependent red shift in PL for the 
MAPD(Io.6Bro.4)3 film, which exhibited a 130- 
meV PL red shift after only 1 hour of illumi- 
nation. We also show the time evolution of the PL 
from MAPDb(Ig sBro 2)3, a composition previously 
reported in other devices (29), which shifts from 
1.72 to 1.69 eV [fig. S8 (28)]. In contrast, although 
we saw a rise in PL intensity, we observed no 
significant red shift in PL emission for the 
FAo.83CSo.17Pb(lo.6Bro.43 precursor after 1 hour 
of identical light illumination (which we show 
in Fig. 2B). Furthermore, we exposed a similar 
FAg 83Cs77Pb(o.6Bro.4)3 film to monochromatic ir- 
radiance of much higher irradiance of 5 W cm™~ and 
observed no red shift after 240 s of illumination [fig. 
S9, (28)]. Under these identical conditions, we did 
observe a red shift in the PL for the single-cation 
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FAPb(o6Bro.4)3 perovskite, as we have previously re- 
ported (77). In addition, under thermal stressing at 
130°C, we observed that the optical band gap and the 
crystal lattice of FAp 3CSo1;Pb(Uo.6Bro.4) were stable, 
in contrast to those of MAPb(Ip 6Bro.4)3 (fig. S10). 

Beyond halide segregation, a further deleteri- 
ous observation previously made for mixed-halide 
perovskites has been that the energetic disorder in 
the material is greatly increased in comparison to 
the neat iodide perovskites. The ultimate open- 
circuit voltage that a solar cell material can gen- 
erate is intimately linked to the steepness of 
the absorption onset just below the band edge, 
which can be quantified by the Urbach energy (E,) 
(30, 31). This EZ, reported by De Wolf et al. and 
Sadhanala et al. for MAPbI3 was 15 meV (37), where 
small values of E,, indicate low levels of electronic 
disorder. In contrast, the E,, for MAPb(Ip 6Bro.4)3 
perovskite increased to 49.5 meV (32). We deter- 
mined E, by performing Fourier-transform photo- 
current spectroscopy (FTPS) on complete planar 
heterojunction solar cells (details of the solar cells 
are discussed below), and in Fig. 2C we show the 
semi-log plot of external quantum efficiency (EQE) 
absorption edge of a device fabricated with the op- 
timized precursor solution and annealing proce- 
dure. We calculated an F, of 16.5 meV, which is near 
the values reported for the neat iodide perovskites. 

In order to further assess the electronic quantity 
of FAps3Cso17Pb(1o,6Bro.4)3, We performed optical 
pump terahertz-probe (OPTP) spectroscopy, which 
is a noncontact method of probing the photo- 
induced conductivity and effective charge-carrier 
mobility in the material. In Fig. 2D, we show the 
fluence dependence of the OPTP transients, which 
exhibit accelerated decay dynamics at higher initial 
photoinjected charge-carrier densities, as the result 
of enhanced contributions from bimolecular and 
Auger recombination. We extract the rate constants 
associated with different recombination mech- 
anisms by global fits to these transient of the 
solutions to the rate equation 

au) = -kgn?-kyn?-kyn (1) 
which we show in Fig. 2D. In addition, we found 
that FAg.3Cso77Pb(o.6Bro.4)3 exhibits an excellent 
charge-carrier mobility of 21 cm? V7" s|. For 
comparison, the corresponding neat FA perovskite 
FAPb(Io¢Bro.4)3 only sustains charge-carrier 
mobilities <1 cm? V"' s“ that are related to the 
amorphous and energetically disordered nature 
of these materials (77). Conversely, FAg.g3Cso17Pb 
(lo,6BYo.4)3 displays a mobility value intermediate 
to those we previously determined (17) for 
FAPbI, (27 cm? Vs‘) and FAPbBrs (14 cm? 
V's), which suggests that it is no longer lim- 
ited by structural disorder. 

We further assessed the potential of FAp.g3Csgi;Pb 
(o¢Bro4)3 for incorporation into planar hetero- 
junction PV architectures by deriving the charge- 
carrier diffusion length L = [wkg7/(eR)|° as function 
of the charge-carrier density , where R = k, + nk. + 
Wks, is the total recombination rate, kp is the 
Boltzmann constant, T is temperature, and e is the 
elementary charge. In Fig. 2E, we show that for 
charge-carrier densities typical under solar illumina- 
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tion (n ~ 10° cm™) a value of L ~ 2.9 um is reached, 
which is comparable to values reported for high- 
quality thin films of neat lead iodide perovskites 
(7, 33). The high charge-carrier mobility, slow re- 
combination kinetics, and the long charge carrier 
diffusion length imply that this mixed-cation, 
mixed-halide perovskite should be just as effective 
as a high-quality solar cell absorber material as 
the neat halide perovskite FAPbI;. 

We fabricated a series of planar heterojunction 
solar cells to assess the overall solar cell perform- 
ance [in fig. S11 we describe in more detail and 
show data for solar cells fabricated with a range 
of compositional and processing parameters (28)]. 
We show the device architecture in Fig. 3A, which 
is composed of a SnO./phenyl-Cgo-butyric acid 
methyl ester (PCggBM) electron-selective layer, 
a solid FAg g3Cso17Pb(o6Bro.4)3 perovskite absorber 
layer, and Li-TFSI-doped [TFSI, bis(trifluoro- 
methanesulfonyl)imide] spiro-OMeTAD [2,2’,7, 
7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’- 
spirobifluorene] with 4-tert-butylpyridine (TBP) 
additive as the hole-collection layer, capped with 
an Ag electrode. We measured current-voltage 
(-V) characteristics of such devices under a sim- 
ulated air mass (AM) 1.5, under 100 mW cm 
of sunlight, and show the /-V characteristics of 
one of the highest-performing devices in Fig. 
3B. It delivered a short-circuit current density 
of 19.4 mA cm™, a Voc of 1.2 V, and a PCE of 
17.1%. By holding the cell at a fixed maximum 
power point forward-bias voltage of 0.95 V, we 
measured the power output over time, reach- 
ing a stabilized efficiency of 16% (Fig. 3C). The 
highest /-V scanned efficiency we measured was 
17.9% [fig. S12 (28), along with a histogram of 
performance parameters for a large batch of devices 
in fig. S13 (28)]. To demonstrate that these cells 
can also operate with larger area, we fabricated 
0.715-cm? active layers in which the cells reach a 
stabilized power output of >14% [fig. S14 (28)]. 
In Fig. 3D, we show the spectral response of the 
solar cell, which confirms the wider band gap of 
the solar cell and also integrates over the AM 
1.5 solar spectrum to give 19.2 mA cm ~™, in close 
agreement to the measured short-circuit current 
density (Jsc). 

This performance is very competitive with that 
of the best reported single-junction perovskite 
solar cell reported so far (30, 34), especially con- 
sidering the wider band gap of our material, 
which should result in a few percentage points of 
absolute efficiency drop with respect to a 1.55-eV 
material (35). Importantly for tandem solar cells, 
this 1.74-eV material appears to be capable of 
generating a higher Voc than the 1.55-eV tri- 
iodide perovskites in planar heterojunction solar 
cells. Following Rau et al. (36), from the integra- 
tion of the EQE over the blackbody radiation 
spectrum, we estimate the maximum attainable 
Voc for our FA g3Cso37Pb(Io,6Bro,4.)3 device to be 
1.42 V (details shown in fig. S15), which is 100 mV 
higher than that estimated for MAPDbI, devices by 
Tvingstedt et al. and Tress et al. (30, 34). 

In order to demonstrate the potential impact of 
using this new perovskite composition in a tan- 
dem architecture, we fabricated semitransparent 


perovskite solar cells by sputter-coating indium 
tin oxide (ITO) on top of the perovskite cells, with 
the additional inclusion of a thin “buffer layer” of 
solution-processed ITO nanoparticles between 
the spiro-OMeTAD and the ITO. The efficiency 
of the semi-transparent FAg.33Cso77Pb(Io,6Bro.4)3 
solar cells is 15.1%, as determined by the /-V curve, 
with a stabilized power output of 12.5%. Because 
the Jsc is similar to that of the cell with the Ag 
electrode, we expect that the slight drop in Voc 
and SPO will be surmountable by better optimi- 
zation of the ITO sputter-deposition procedure 
and buffer layer. We measured a Si heterojunction 
(SHJ) cell, with and without a semi-transparent 
perovskite cell held in front of it, and determined 
an efficiency of 7.3% filtered and 19.2% when 
uncovered. These results demonstrate the feasi- 
bility of obtaining a combined tandem solar cell 
efficiency ranging from 19.8%, if we combine with 
the stabilized power output of the semi-transparent 
cell, to 25.2% if we combine with the highest cur- 
rent density-voltage (J-V) measured efficiency of 
the FAg 93Cso77Pb(o.6Bro.4)3 cell. Considering fur- 
ther minor improvements in the perovskite, op- 
tical management and integration, and choice of 
Si rear cell, it is feasible that this system could 
deliver up to 30% efficiency. In addition, this 
monotonic tunability of the band gap across the 
visible spectrum, without the complications of a 
structural phase transition will have direct im- 
pact on the color tunability and optimization of 
perovskites for light-emitting applications. 
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FOREST ECOLOGY 


Dominance of the suppressed: 
Power-law size structure in 


tropical forests 


C. E. Farrior,”?* S. A. Bohlman,?* S. Hubbell,*”® S. W. Pacala® 


Tropical tree size distributions are remarkably consistent despite differences in the 
environments that support them. With data analysis and theory, we found a simple 
and biologically intuitive hypothesis to explain this property, which is the foundation 
of forest dynamics modeling and carbon storage estimates. After a disturbance, new 
individuals in the forest gap grow quickly in full sun until they begin to overtop one 
another. The two-dimensional space-filling of the growing crowns of the tallest 
individuals relegates a group of losing, slow-growing individuals to the understory. 
Those left in the understory follow a power-law size distribution, the scaling of which 
depends on only the crown area—to—diameter allometry exponent: a well-conserved 


value across tropical forests. 


ree size distributions—the frequency of trees 
by size—are important emergent properties 
of forests. Tree size distributions signal 
community-level interactions, are a critical 
diagnostic of the accuracy of scaling in 
mechanistic models, and are the basis of many 
aboveground forest carbon estimates (J-3). De- 
spite differences in the tree vital rates that deter- 
mine them, tropical forests worldwide have tree 
size distributions that follow tight power func- 
tions with very similar scaling for a wide range of 
diameters and commonly have deviations in the 
tails (4, 5) (Fig. 1). Such a consistent emergent pat- 
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tern begs an explanation, one that is likely to pro- 
vide an important key to understanding the 
mechanisms governing tropical forest dynamics (6). 
Current theories explaining the consistency of 
tropical forest size structure are controversial. 
Explanations based on scaling up individual me- 
tabolic rates (4, 7, 8) are criticized for ignoring the 
importance of asymmetric competition for light 
in causing variation in dynamic rates (9-1). Other 
theories, which embrace competition and scale 
individual tree vital rates through an assumption 
of demographic equilibrium (5, 10, 12, 13), are crit- 
icized for lacking parsimony, because predictions 
rely on site-level, size-specific parameterizations 
(14). Despite their differences, common to these 
theories is the notion that the predicted size 
structure is a property of steady-state forests 
far removed from the influence of disturbance. We 
tested this prediction. We explored the size structure 
within a well-studied tropical forest and, with theo- 
retical corroboration, present a parsimonious and 
biologically intuitive explanation for the power- 
function size structure, observed deviations, and 
the consistency of the scaling across forests. 


We explored temporal and spatial patterns in 
tropical forest size structure in 50 ha and 30 years 
of data from Barro Colorado Island, Panama (BCI) 
(15-17). Forest patches in the early stages of re- 
covery from small-scale disturbances (18) develop 
a power function that extends through a greater 
range of diameters as time progresses (Fig. 2). At 
25 to 30 years after disturbance, the power func- 
tion extends through the full range of diameters 
present, and unlike in younger patches, a power 
law is a likely model of the data [(78), criteria 
following (19)]. However, the power-law fit is again 
lost in patches with more than 30 years since the 
last disturbance. 

Having reached the limit of our temporal analy- 
ses, we examined forest patches as grouped by 
forest size. We used the metric D*,,, as an es- 
timate of the size threshold for tree canopy status 
in a patch (78). For each range of D*..,, we fit a 
power function (with the same scaling as Fig. 1, 
fit to all data) that transitions at a single size 
class to an exponential distribution (Fig. 3A) (78). 
This best-fit size class of transition increases with 
D* o (Fig. 3B, P = 0.005, t test, R-squared = 0.76, 
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Fig. 1. Size distribution of the 50-ha tropical for- 
est dynamics plot on BCI. The average (points) 
and range (bars) by size class among all seven 
censuses are shown. The best-fit power law distri- 
bution to all diameters from censuses 3 to 7 (18) is 
drawn (black line). The expected range of variation 
for that power law, given the average census sample 
size by size class, is in gray [95% range (18)]. 
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N = 6 ranges of D*. slope = 1.23 mm mm). 
Trees that are likely in the understory, with di- 
ameters less than their patch’s D*..,, are well char- 
acterized by the power function, whereas those 
that are likely in the canopy are not. 

We have three main empirical results: (i) Power- 
function size structure emerges progressively after 
likely gap-generating disturbances (Figs. 1 and 2); 
(ii) understory trees, but not canopy trees, gen- 
erally follow power-function structure (Fig. 3); 
and (iii) forest patches far in time from the last 
local disturbance are responsible for the deviations 
in the high tail of the landscape-level distribution 
(Fig. 2). Together these pieces of evidence point 
to a new hypothesis: Small-scale, gap-generating 
disturbances maintain power-function size struc- 
ture whereas later-successional forest patches are 
responsible for deviations in the high tail. To explore 
and test this hypothesis, we turned to a model. 

In asmall, gap-sized patch of forest (1000 m7), 
the simulation started from bare ground. Indi- 
viduals were characterized by their diameter (d) 
and crown area (od°). Crown area is the projected 
two-dimensional area of a tree’s canopy. We as- 
sumed that the allometric exponent 0 was a con- 
stant, following theoretical predictions at the 
individual-plant level (20, 27). Seedlings recruit 
at a constant rate and grow in diameter in full 
sun at a constant rate with a constant probability 


Fig. 2. Tree size dis- 
tributions and time 
since local distur- 
bance. Size distribu- 
tions for combined 5m 
by 5 m subplots at the 
same time in recovery 
(panel titles) from a 
gap (18). For clarity, 
deviations in log space 
from the power law are 
plotted (black, individ- 
uals mm? ha“). The 
area sampled is shown 
(in ha). Gray shows the 
expected range of 
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of mortality until the canopy closes. Assuming 
phototropic growth (22), when the sum of the 
crown areas of all trees exceeds the patch area, 
the canopy closes. At this point, the largest in- 
dividuals whose summed crown area is less than 
the patch size remain in full sun, maintaining can- 
opy growth and mortality rates. All other individ- 
uals are overtopped and grow in the understory 
at a single slower rate and have a single higher 
probability of mortality. At each time step, the patch 
has a probability of a gap-generating disturbance, 
setting the patch back to bare ground. A forest 
landscape is assembled by compiling snapshots 
of the simulation (78). We estimated all model 
parameters (table S1) from BCI individual tree 
vital-rate data (18), except for the gap-generating 
disturbance rate, which was estimated from the 
central Amazon (2) and assumed to be responsi- 
ble for half of the observed canopy mortality. The 
critical parameter of 8 (1.28) was measured directly 
on BCI (22). 

The resulting landscape-level size distribution 
matches the probability distribution of diame- 
ters on BCI well throughout the full range of the 
diameters (Fig. 4A). It captures the power func- 
tion throughout intermediate diameters and 
the departures in both tails. Size-dependent de- 
mographic rates also compare well with this simple 
model (fig. S2). To understand the mechanisms 
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that generate this goodness of fit, we turn to its 
mathematical approximation. 

Consider the succession of a single patch of 
forest (size P), initiated by one cohort of seedlings 
after a patch-clearing disturbance. After the can- 
opy closes, the number of canopy individuals (NV..) 
is a function of only their size (stem diameter d, 
and crown area = od,”) 


Ne = a 


6) 


As trees grow, the number that can fit in the 
canopy decreases 


—-P@ 
om de 


dNe _ 
dd, 


(2) 


The decrease in canopy trees is achieved in 
two ways: random mortality (u,), which kills the 
trees, and overtopping, which moves canopy 
trees to the understory. Over the time period it 
takes for 1 mm of growth in stem diameter (G, *) 

oat = new understory trees + eared (3) 

While d. is small, new understory trees in Eq. 3 
are approximately equal to yu, which is a power 
law in d of scaling -(8 + 1) (Fig. 4B). Taking the 
approximation that the slow-growing understory 
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trees do not grow at all (G, = 0) (23, 24) and have 
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deviation for the power law, given the area of data sampled (95% confidence interval). The P values are the proportion of synthetic distributions that fit worse than 
the data to the power law, using the Kolmogorov-Smirnov statistic as the metric of goodness of fit [P > 0.1 indicates a likely fit (18)]. 
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Fig. 3. Tree size distri- 
butions and forest size. 
A) Size distributions 

for combined, circular, 
20-m-diameter patches 
points) grouped by esti- 
mated minimum diame- 
ter of canopy trees [D* ect 
18); solid vertical lines 
mark the range]. The 
power-law best fit to all 
data (Fig. 1) with the size 
class best fit for transition 
dashed vertical lines) to 
an exponential tail is 
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shown in black. (B) The full range of D*..¢ and the size class of transition from power-law to exponential distribution. 
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a constant mortality rate (1,) the size distribution 
of understory trees at time t is (note: d, = G,t) 


nce! 

G 

ee Pe P n(“e) d 
(Gers aas)® SO 

(4) 


The expressions for VN. and N, (Eqs. 1 and 4 
and fig. S1) hold until the crown area lost by the 
mortality of canopy trees is greater than their 
increase from growth (until ¢ = 0/u,). Assuming 
that the contribution of sites with ¢ > 0/u, is 
negligible, and a stochastic stand-clearing distur- 
bance rate of 1, the landscape-level size distribution 
(for d < G.6/u,) is (18) 
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Plotting Eq. 5 against the data and simulations 
(Fig. 4A, red) shows, despite simplifications, that 
the analytical model holds the mechanisms driv- 
ing the power function shape of the size distri- 
bution. Here, the dominant power function is of 
the form d~©*» (in Eq. 5) (Fig. 4B), originating 
from the production of understory trees by over- 
topping (Eqs. 2 and 3). 

In tropical forests, deviations from the power 
law occur at both tails, which are precisely the 
trees for which the overtopping process is not 
significant. Overtopping begins when the new 
seedlings are large enough to close the gap, and 
overtopping stops when crown area loss from 
canopy tree mortality catches up to gains from 
growth, setting, respectively, lower and upper 
limits on the power function. 

Many terms of Eq. 5, including the upper di- 
ameter limit of applicability, may be important in 
forests that are unlike BCI, explaining the lack of 
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power-law size structure in some temperate and 
dry tropical forests. For example, of the nine forests 
presented by Muller-Landau et al. (5, 10), the two 
driest forests (Huai Kha Khaeng and Mudu- 
malai) have the weakest power-law size structure. 
These two forests also lack evidence of the slow- 
growing overtopped trees that make up the pow- 
er law in the model. In both the Huai Kha Khaeng 
and Mudumalai forests, growth rates remain 
high across the full range of diameters. Temperate 
forests also often lack power-law size structure 
(25-27). When parameterized with slow growth 
rates and infrequent stand-clearing disturbances, 
which are likely parameters for temperate forests 
(table S3), model simulations also produce a lack 
of power-law size structure (fig. S3). 

The vital-rate scaling with size that drives the 
consistent power-law size structure of tropical 
forest trees is the scaling of the number of in- 
dividuals by diameter that are experiencing the 
shift from fast growth in the sun to slow growth 
in the shade during the process of recovery from 
a gap disturbance (Eq. 2). In both the model and 
the data, the power-law size structure emerges 
after gap-generating disturbances (Fig. 2), and 
the overtopped (understory) individuals are those 
that follow the power law (Fig. 3). The scaling 
exponent of the underlying power law is depen- 
dent on only the allometric exponent of the crown 
area-to-diameter relationship (6). Site-level aver- 
age values of 0 are consistent across diverse tropical 
forests (table S2), explaining the consistency of scal- 
ing of the power function. 

Here, we have presented evidence that the 
consistency among tropical forest tree size dis- 
tributions is driven by the unifying mechanisms 
of gap-generating disturbances and subsequent 
asymmetric competition for light. This explana- 
tion is in stark contrast to the energy equivalence 
prediction of metabolic scaling theory (4, 7, 8, 14) 
and models based on demographic equilibrium 
(5, 10, 12, 13), in which vital rates are constant with 
respect to tree size. Specifically, in order to mecha- 
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Fig. 4. Model and data comparison of tree size distributions. BC! forest dynamics plot data are 
shown in blue. (A) Data error is the 95% confidence interval for each size class from the plot cut into four 
subplots of 12.5 ha each (N = 28 patches). Gray boxes are simulation model results marking 95% 
confidence intervals for each size class (12.5 ha, N = 100 patches). The red curve shows the analytical 
approximation of the simulation model (Eq. 5). (B) BCI data (blue) compared with the dominant power-law 


scaling of the model (ccd~* in Eq. 5, red). 
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nistically predict ecosystem services, including 
carbon storage, tropical forest models must incor- 
porate canopy gaps [as in the Ecosystem Demog- 
raphy model (28)], the phototropic growth of 
individuals [as in the Perfect Plasticity Approx- 
imation model (29)], and the strong dependence 
of individual growth rates on light. 
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Vertebrate corpse decomposition provides an important stage in nutrient cycling in most 
terrestrial habitats, yet microbially mediated processes are poorly understood. Here we 
combine deep microbial community characterization, community-level metabolic 
reconstruction, and soil biogeochemical assessment to understand the principles governing 
microbial community assembly during decomposition of mouse and human corpses on 
different soil substrates. We find a suite of bacterial and fungal groups that contribute to 
nitrogen cycling and a reproducible network of decomposers that emerge on predictable time 
scales. Our results show that this decomposer community is derived primarily from bulk soil, 
but key decomposers are ubiquitous in low abundance. Soil type was not a dominant factor 
driving community development, and the process of decomposition is sufficiently reproducible 
to offer new opportunities for forensic investigations. 


he process of decay and decomposition in 
mammalian and other vertebrate taxa is a 
key step in biological nutrient cycling. With- 
out the action of vertebrate and invertebrate 
scavengers, bacteria, archaea, fungi, and pro- 
tists, chemical decomposition of animal waste 
would proceed extremely slowly and lead to res- 
ervoirs of biochemical waste (7). The coevolution 
of microbial decomposers with the availability of 
vertebrate corpses over the past 400 million years 
is expected to result in conservation of key bio- 
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chemical metabolic pathways and cross-kingdom 
ecological interactions for efficient recycling of 
nutrient reserves. Although mammalian corpses 
likely represent a relatively small component of 
the detritus pool (2, 3) in most ecosystems, their 
role in nutrient cycling and community dynam- 
ics may be disproportionately large relative to 
input size, owing to the high nutrient content of 
corpses (3, 4) and their rapid rates of decom- 
position [e.g., up to three orders of magnitude 
faster than plant litter (2)]. These qualities make 
corpses a distinct and potentially critical driver 
of terrestrial function (5, 6). 

When a mammalian body is decomposing, 
microbial and biochemical activity results in a 
series of decomposition stages (5) that are as- 
sociated with a reproducible microbial succession 
across mice (7), swine (8), and human corpses 
(9). Yet the microbial metabolism and succes- 
sional ecology underpinning decomposition are 
still poorly understood. At present, we do not 
fully comprehend (i) whether microbial taxa that 
drive decomposition are ubiquitous across envi- 
ronment, season, and host phylogeny; (ii) whether 
microbes that drive decomposition derive primar- 
ily from the host or from the environment; and 
(iii) whether the metabolic succession of micro- 
bial decomposition is conserved across the phys- 
icochemical context of decay and host phylogeny. 

Several questions arise: Are microbial decom- 
poser communities ubiquitous? What is the origin 
of the microbial decomposer community? How 
does mammalian decomposition affect the meta- 
bolic capacity of microbial communities? To an- 
swer these questions, we used mouse corpses in 
laboratory settings and human donors in outdoor 
settings (see supplementary materials and meth- 


ods). We observed mouse decomposition on three 
different soil types under constant temperature 
and humidity, with insects excluded. We sampled 
microbial communities on the skin, abdominal 
cavity, and gravesoil (soils associated with decom- 
position) by destructively sampling five mice per 
soil type per time point every 3 days for the first 
2 weeks and less frequently thereafter over 71 days 
of decomposition (fig. $1). Outdoor experiments 
on human corpses were conducted at the Sam 
Houston State University (SHSU) Southeast Texas 
Applied Forensic Science (STAFS) Facility (a willed- 
body donation facility), where human bodies were 
exposed to all natural elements, including inver- 
tebrate and vertebrate scavengers. We sampled 
the skin and gravesoil associated with four decom- 
posing human bodies—two of which were placed 
in the winter and two in the spring—over 143 days 
and 82 days, respectively (fig. S1). Human donors 
were sampled either daily or every other day dur- 
ing the first month and less frequently thereafter. 
We used high-throughput amplicon-based sequenc- 
ing of 16S ribosomal RNA (rRNA) genes (archaeal 
and bacterial community), 18S rRNA genes (mi- 
crobial eukaryotic community), and internal tran- 
scribed spacer regions (fungal community) to 
characterize the full microbial diversity associated 
with decomposition (figs. S2 to S5). 

A mammalian corpse is a disturbance habitat 
that selects for a specialized microbial community 
capable of decomposing a highly concentrated 
source of proteins and lipids, rather than the 
plant-derived polysaccharides from which most 
detritus is derived. Our results show that micro- 
bial communities change significantly during 
decomposition (tables S1 to S12) and become 
more similar to each other across body sites and 
gravesoils (supplementary materials). Although 
mice were decomposed on soils with different 
chemical properties (table S13), soil type was not 
a major driver of skin decomposer bacterial struc- 
ture (Fig. 1A). A Random Forests regression model 
trained on our microbial data resulted in estimates 
of the postmortem interval (PMI) with errors ~2 to 
3 days over first 2 weeks of decomposition (fig. S6). 
Additionally, estimates of PMI remained accurate 
when bacterial data associated with one soil type 
were used to train a regression model and predict 
PMI for samples associated with other soil types 
(fig. S7). In our human experiments, we also ob- 
served a reproducible succession of microbes across 
bodies within the same season (Fig. 1B and fig. S8), 
as well as accurate estimates of PMI across seasons 
and host species (Fig. 1C and fig. S9). We discovered 
that important features (i.e., microbes) in our 
experiment-specific regression models were similar 
across experiments (Fig. 1D). Together these results 
confirm that microbial succession was predicta- 
ble across soil types, seasons, and host species. 

The microbial decomposer community may 
emerge from multiple environments in which de- 
composer organisms are often rare (low abun- 
dance) before decomposition begins. For the 
mouse experiment, we used dynamic Bayesian 
inference neural information flow networks, 
which revealed that soil was significantly more 
likely to be a source of bacteria and archaea for 
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Fig. 1. Microbial decomposer communities are similar across environments. 
(A) Results of principal coordinates analysis (PCoA) based on unweighted UniFrac 
distances for mouse skin bacterial and archaeal communities. Samples are 
colored by days of decomposition (left) and soil type (right). (B) Log scale 
heat map of 16S rRNA operational taxonomic units (OTUs) colonizing the skin 
of human corpses. (C) A 16S rRNA-based Random Forests (RF) model using 
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randomly selected subsets of size 100 (gray lines). ITS, internal transcribed spacer. 
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Fig. 2. Bacterial and archaeal decomposers emerge from multiple environments, but primarily from soil. (A) Dynamic Bayesian inference networks: A 
neural information flow network of microbial taxa during decomposition shows soils as the most common source of decomposers. (B) Results from deeply 
sequencing 16S rRNA amplicons from samples collected on the first day of each experiment. The y axis indicates the proportion of abdominal, skin, and soil decomposer 
OTUs (x axis) detected in each environment at the start of the experiment. Bars with standard error are ordered by soil type [desert (d), shortgrass (s), 
and forest (f)] (left) or season [winter (w) and spring (s)] (right). Decomposers were detected in soils more frequently than in the abdomen in every comparison 


(Mann-Whitney U test: P < 0.05). 
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the colonization of mice (Fig. 2A). To identify 
the potential sources of decomposer microbial 
communities, we deeply sequenced 16S rRNA 
amplicons from samples collected on the first 
day of each experiment. We searched these deeply 
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(supplementary text) (Fig. 2B). To understand the 
extent to which the blow fly, a common postmor- 
tem scavenger insect, may contribute to the micro- 
bial decomposer community, we also sequenced 
the bacterial and archaeal communities on 79 blow 
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Fig. 3. Succession of decomposer communities in the abdominal cavity. (A) Dynamic Bayesian network of interactions between archaea, bacteria, microbial 
eukaryotes, and environmental abundance measurements during decomposition. Arrows indicate the direction of causality, and the network is arranged 
hierarchically so that it is a proxy for succession. (B and C) Results of PCoA of cecum, with all of the PICRUSt-predicted KEGG orthologies (KOs) (B) or KOs only 
classified as “metabolism” in KEGG functional hierarchies (C). (D) PICRUSt-predicted nitrite reductase, lysine decarboxylase, and ornithine decarboxylase 
enzyme-level genes in the mouse abdominal cavity during decomposition. 
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fly tarsi (supplementary materials) and discovered 
that they were a potential source for microbial 
decomposers, particularly in the human model 
experiment that occurred in the spring (fig. S10). 
Our results show that soil may be the main source 
of the microbial decomposer community, even 
though soil type is not important. 

When a mammal dies, its immune system no 
longer functions and its internal temperatures 
change (10), radically altering the environment 
for microbial colonization and growth. Most en- 
dogenous mammalian microbes reside in the 
gastrointestinal tract, and postmortem changes 
in the gut microbial community lead to corpse 
bloating and, eventually, rupture (5). To investi- 
gate the microbial community dynamics of the 
abdominal cavity during decomposition, we used 
longitudinal data from the mouse abdomen sam- 
ples to construct a dynamic Bayesian network of 
interactions between different taxa and several 
soil environmental factors (as a proxy for the ab- 
dominal environment). Nematodes are dependent 
on the actions of fungi and bacteria, with kineto- 
plastids (Discicristata) playing a key role in com- 
munity succession (Fig. 3A). Fungi in the groups 
Eurotiales and Ascomycota are strong drivers of 
community structure, whereas fungi in Hypocre- 
ales appear to depend on the presence of bacteria 
for colonization of the abdomen. These shifts in 
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microbial taxa are associated with large shifts in 
functional gene abundances, as predicted from 
16S rRNA data analysis using the PICRUSt (phy- 
logenetic investigation of communities by recon- 
struction of unobserved state) software (Fig. 3B) 
(1D, particularly for Kyoto Encyclopedia of Genes 
and Genomes (KEGG) orthology group “metabo- 
lism” (Fig. 3C). We detected predicted increases in 
genes related to nitrogen cycling and amino acid 
degradation, including those required for the break- 
down of lysine and arginine into the foul-smelling 
decomposition by-products cadaverine and putres- 
cine (Fig. 3D). 

After corpse rupture, ammonia-rich fluids per- 
meate the soil, resulting in extreme and signifi- 
cant effects on the nitrogen concentration and pH 
of gravesoil (Fig. 4A, fig. S11, and table S13). This 
rich source of nutrients and the marked changes 
to soil chemistry initiate a clear ecological succes- 
sion of soil microbial organisms with increased 
capacity for nitrogen cycling and tolerance for 
the altered soil chemical environment (Fig. 4B 
and fig. S12). Predicted functions of bacterial 
communities increased in relative abundance of 
genes for amino acid degradation and subsequent 
ammonia production (Fig. 4C). Surprisingly, al- 
though we observed increases in soil nitrate con- 
centrations and processes that consume nitrate 
(figs. S13 and S14), we did not see genetic signs of 
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increased nitrification rates (figs. S13 and S14). 
This suggests that nitrification pulses induced by 
vertebrate decomposition may occur on finer 
spatial or temporal scales or, alternatively, that 
the PICRUSt reference database lacks genomes 
from the vertebrate corpse microbial nitrifier 
community (e.g., fungal genomes). Taken togeth- 
er, analysis of the full community of predicted 
metabolism-related functional genes, in associa- 
tion with the PMI and soil chemistry data, re- 
vealed marked changes in functional potential 
during decomposition. The large and rapid taxo- 
nomic changes in microbial communities—as 
well as their subsequent effect on the predicted 
metabolic capacity of both the corpse (Fig. 3) 
and its surrounding environment (Fig. 4 and fig. 
$13) during decomposition—may be part of a mi- 
crobial strategy to outcompete insects and scav- 
engers for an ephemeral, nutrient-rich resource. 
The dramatic changes in community structure and 
function may also reflect the selective pressures 
applied by the biogeochemical hotspot formed 
during corpse decomposition (Fig. 4A) (5). As a 
consequence, microbial succession during decom- 
position appears to be a predictable process that 
has implications for biogeochemical cycling and 
forensic science. 

These data are important in the context of eco- 
system function. Decomposition is a fundamental 
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Fig. 4. Effect of mammalian decomposition on soils. (A) pH, ammonium, and nitrate concentrations in mouse gravesoils and control soils. Error bars 
indicate 1 SD from the mean of five sample measurements. (B) Canonical correspondence analysis (CCA) of gravesoil bacterial predicted gene ontologies 
during decomposition. PICRUSt-predicted function data are based on KOs, with only genes classified as “metabolism” included in this analysis. (©) Predicted 
gene abundances of glutamate dehydrogenase and nitrate reductase in soils during decomposition. 
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microbial function spanning terrestrial ecosys- 
tems, and though plant inputs are the dominant 
source of organic matter, vertebrate corpse inputs 
can be important resources (5, 6). For example, 
one rain forest in Panama was estimated to receive 
750 kg in mammal corpses annually per square 
kilometer (72). Although this represents less than 
1% of the mass of plant litter received by another 
Panamanian rain forest (13), corpse nutrient 
sources can be an order of magnitude more con- 
centrated than plant litter (5), and direct com- 
parisons between plant and animal decomposition 
resources are rare (J4). Thus, much is still unclear 
about the role of corpse inputs in larger-scale 
biogeochemical cycling (e.g., global carbon and 
nitrogen cycling) and in supporting specific com- 
munities and microbial diversity (74), and our 
results provide an important microbial perspective. 

A societal impact of these results is the value of 
microbial data as physical evidence in medico- 
legal death investigation. We show that decom- 
poser microbial communities could potentially 
serve as temporal (succession-based) and spatial 
(origin-based) (supplementary text) forms of 
physical evidence, such as the time elapsed since 
death (PMI) and the location of death. Our obser- 
vation that postmortem microbial communities 
changed in a clock-like manner that provided 
an estimate of absolute PMI is similar to using 
the development of fly larvae to estimate PMI. 
However, the fly larvae PMI proxy is limited by 
corpse accessibility and season, resulting in PMI 
estimates in the range of weeks, months, and 
even years (15). Taken together, our findings dem- 
onstrate that postmortem microorganisms can 
provide both spatial and temporal insight into 
the events surrounding death. 
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The stomach bacterium Helicobacter pylori is one of the most prevalent human pathogens. 
It has dispersed globally with its human host, resulting in a distinct phylogeographic pattern 
that can be used to reconstruct both recent and ancient human migrations. The extant 
European population of H. pylori is known to be a hybrid between Asian and African bacteria, 
but there exist different hypotheses about when and where the hybridization took place, 
reflecting the complex demographic history of Europeans. Here, we present a 5300-year-old 
H. pylori genome from a European Copper Age glacier mummy. The “Iceman” H. pylori is a 
nearly pure representative of the bacterial population of Asian origin that existed in Europe 
before hybridization, suggesting that the African population arrived in Europe within 


the past few thousand years. 


he highly recombinant pathogen Helicobacter 

pylori has evolved to live in the acidic en- 

vironment of the human stomach (1). Today, 

this Gram-negative bacterium is found in 

approximately half the world’s human pop- 
ulation, but fewer than 10% of carriers develop 
disease that manifests as stomach ulcers or gas- 
tric carcinoma (2, 3). Predominant intrafamilial 
transmission of H. pylori and the long-term 
association with humans has resulted in a phylo- 
geographic distribution pattern of H. pylori that 
is shared with its host (4, 5). This observation 
suggests that the pathogen not only accompa- 
nied modern humans out of Africa (6), but that 
it has also been associated with its host for at 
least 100,000 years (7). Thus, the bacterium has 
been used as a marker for tracing complex demo- 
graphic events in human prehistory (4, 8, 9). Mod- 
ern H. pylori strains have been assigned to distinct 
populations according to their geographic ori- 
gin (hpEurope, hpSahul, hpEastAsia, hpAsia2, 
hpNEAfrica, hpAfrical, and hpAfrica2) that are 
derived from at least six ancestral sources (4, 5, 8). 


The modern H. pylori strain found in most Eu- 
ropeans (hpEurope) putatively originated from 
recombination of the two ancestral populations 
Ancestral Europe 1 and 2 (AE1 and AE2) (6). It 
has been suggested that AE1 originated in Cen- 
tral Asia, where it evolved into hpAsia2, which 
is commonly found in South Asia. On the other 
hand, AE2 appears to have evolved in northeast 
Africa and hybridized with AE1 to become hpEurope 
(4). However, the precise hybridization zone of 
the parental populations and the true origin of 
hpEurope are controversial. Early studies observed 
a south-to-north cline in AE2/AE1 frequency in 
Europe (4, 6). This finding has been attributed to 
independent peopling events that introduced these 
ancestral H. pylori components, which eventually 
recombined in Europe since the Neolithic period. 
More recently, it has been suggested that the 
AE1/AE2 admixture might have occurred in the 
Middle East or Western Asia between 10,000 and 
52,000 years ago and that recombinant strains 
were introduced into Europe with the first human 
recolonizers after the last glacial maximum (7). 
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In this study, we screened 12 biopsy samples 
from the gastrointestinal tract of the Iceman, a 
5300-year-old Copper Age mummy, for the pres- 
ence of H. pylori. Stable isotope analyses showed 
that the Iceman originated and lived in Southern 
Europe, in the Eastern Italian Alps (0). Genet- 
ically, he most closely resembles early European 
farmers (11-13). The Iceman’s stomach was dis- 
covered in a reappraisal of radiological data and 
contains the food he ingested shortly before his 
death (Fig. 1) (14). The study material included 
stomach content, mucosa tissue, and content of 
the small and large intestines (table S1). By using 
direct polymerase chain reaction (PCR), meta- 
genomic diagnostics, and targeted genome cap- 
ture (figs. S1 and $2), we determined the presence 
of H. pylori and reconstructed its complete 
genome. 
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Fig. 2. Gene coverage 
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Iceman H. pylori reads 
mapped onto the 1.6 Mb 
large reference genome 
H. pylori 26695. The 
coverage plot displayed in ap 
black is Superimposed onto 

the genomic plot. The bar | 
on the right-hand side indi- 
cates a coverage of up to 
50x. The gene coding 


sequences are shown in O kbp 200 kbp 
blue (positive strand) and | | 
yellow (negative strand) 

urel = mutY 


bars in the genomic plot. 
The loci of the ribosomal 


Metagenomic analysis yielded endogenous an- 
cient H. pylori DNA (15,350 reads) in all gastro- 
intestinal tract contents (Fig. 1 and table S4). A 
control data set derived from Iceman’s muscle tissue 
was negative. The distribution of the observed read 
counts throughout the Iceman’s intestinal tract 
is similar to that in modern H. pylori-positive 
humans, with abundance decreasing from the 
stomach toward the lower intestinal tract (15, 16). 
The retrieved unambiguous reads were aligned 
to a modern H. pylori reference genome (strain 
26695) and showed damage patterns indicative of 
ancient DNA (fig. S7) (17). After DNA repair, the H. 
pylori DNA was enriched up to 216-fold by using 
in-solution hybridization capture (Agilent) (fig. S5). 
From this data set, 499,245 nonredundant reads 
mapped to 92.2% of the 1.6-Mb H. pylori reference 


genome with an 18.9-fold average coverage (Fig. 2). 
In comparison with the reference, the Iceman’s 
ancient H. pylori genome had ~43,000 single- 
nucleotide polymorphisms (SNPs) and 39 dele- 
tions that range from 95 base pair (bp) to 17 kb 
and mainly comprise complete coding regions. 
Owing to deletions, the number of genomic 
variants is slightly below the range of what can 
be observed between modern H. pylori strains 
(table S13). The analysis of SNP allele frequen- 
cies does not indicate an infection by more than 
one strain (supplementary materials S6). In ad- 
dition, as expected for this highly recombinant 
bacterium, we found evidence for gene insertions 
from H. pylori strains that differ from the refer- 
ence genome (details about the InDels are pro- 
vided in supplementary materials S8). 
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Fig. 1. H. pylori-specific reads detected in the metagenomic data 
sets of the Iceman’s intestine content samples. The color gradient dis- 
plays the number of unambiguous H. pylori reads per million meta- 
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genomic reads. Control metagenomic data sets of the Ilceman’s muscle tissue and of the extraction blank 
were included in the analysis. The different intestinal content sampling sites are marked in the radiographic 
image by the following symbols: asterisk, stomach content; circle, small intestine; square, upper large 
intestine; triangle, lower large intestine. The sampling site of the muscle control sample is highlighted in the 
Iceman overview picture (diamond). 
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RNA genes, of two virulence genes (vacA and cagA), and of seven genes used for MLST analysis are highlighted in the genome plot. 
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Fig. 3. Multilocus sequence analyses. (A) Bayes- A 
ian cluster analysis performed in STRUCTURE 
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hpAsia2, and hpNEAfrica and the Iceman’s H. pylori 
strain (details about the worldwide population 
partitioning of 1603 reference H. pylori strains 
are available in fig. S14). (B) STRUCTURE linkage 
model analysis showing the proportion of Ances- 
tral Europe 1 (from Central Asia) and Ancestral 
Europe 2 (from northeast Africa) nucleotides 
among strains assigned to populations hpNEAfrica, 
hpEurope, and hpAsia2 and the Iceman’s H. pylori 
strain on the extreme right. The black arrows indi- 
cate the position of the three extant European 
hpAsia2 strains. (C) Principal component analysis 
of contemporary hpNEAfrica, hpEurope, and hpAsia2 
strains and the Iceman’s H. pylori strain. 
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Fig. 4. Comparative whole-genome analysis. Co-ancestry matrix showing H. pylori population structure 
and genetic flux. The color in the heat map corresponds to the number of genomic motifs imported from a 
donor genome (column) to a recipient genome (row). The inferred tree and the H. pylori strain names are 
displayed on the top and left of the heat map. Strain names are colored according to the H. pylori pop- 
ulation assignment provided in the legend below the heat map. Signs for population ancestry are high- 
lighted in the heat map with green, blue, black, and white boxes. 
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Subsequent sequence analysis classified the an- 
cient H. pylori as a cagA-positive vacA sla/il/m1 
type strain that is now associated with inflammation 
of the gastric mucosa (fig. S11) (18). Using multistep 
solubilization and fractionation proteomics, we 
identified 115 human proteins in the stomach meta- 
proteome, of which six were either highly expressed 
in the stomach mucosa (trefoil factor 2) (19) or 
present in the gastrointestinal tract and involved in 
digestion (supplementary materials S10). The ma- 
jority of human proteins were enriched in extracel- 
lular matrix organizing proteins (P = 3.35 x 10) 
and proteins of immune processes (P = 2 x 10”) 
(fig. S13). In total, 22 proteins observed in the Iceman 
stomach proteome are primarily expressed in neu- 
trophils and are involved in the inflammatory host 
response. The two subunits S1O0A8 and S100A9 of 
calprotectin (CP) were detected with the highest 
number of distinct peptide hits in both analyzed 
samples. Inflamed gastric tissues of modern 
H. pylori-infected patients also show high levels 
of CP subunit S100A8 and S100A9 expression 
(20, 21). Thus, the Iceman’s stomach was col- 
onized by a cytotoxic H. pylori-type strain that 
triggered CP release as a result of host inflamma- 
tory immune responses. However, whether the 
Iceman suffered from gastric disease cannot be 
determined from our analysis owing to the poor 
preservation of the stomach mucosa (fig. S3). 

Comparative analysis of seven housekeeping 
gene fragments with a global multilocus sequence 
typing (MLST) database of 1603 H. pylori strains 
with the STRUCTURE (22) no-admixture model 
assigned the 5300-year-old bacterium to the modern 
population hpAsia2, commonly found in Central 
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and South Asia (Fig. 3A and fig. S14). The detection 
of an hpAsia2 strain in the Iceman’s stomach is 
rather surprising because despite intensive sampling, 
only three hpAsia2 strains have ever been detected 
in modern Europeans. Stomachs of modern Eu- 
ropeans are predominantly colonized by recom- 
binant hpEurope strains. Further analysis with 
the STRUCTURE linkage model (23), used to detect 
ancestral structure from admixture linkage dis- 
equilibrium, revealed that the ancient H. pylori 
strain contained only 6.5% [95% probability in- 
tervals (PD 1.5 to 13.5%] of the northeast African 
(AE2) ancestral component of hpEurope (Fig. 3B). 
Among European strains, this low proportion of 
AE2 is distinct and has thus far only been observed 
in hpAsia2 strains from India and Southeast Asia. 
In contrast, the three European hpAsia2 strains 
(Fig. 3B, black arrows) contained considerably 
higher AE2 ancestries than that of the H. pylori 
strain of the Iceman (Finland 13.0%, PI 5.9 to 21.7; 
Estonia 13.2%, PI 6.2 to 22.3; and the Netherlands 
20.8%, PI 11.5 to 31.7), although 95% probability 
intervals did overlap. A principal component 
analysis (PCA) of the MLST sequences of the 
hpAsia2, hpEurope, and hpNEAfrica populations 
revealed a continuum along PCI that correlates with 
the proportion of AE2 ancestry versus AE] ancestry 
of the isolates (Fig. 3C). The Iceman’s ancient H. 
pylori was separated from modern hpEurope 
strains, and its position along PC1 was close to 
modern hpAsia2 strains from India, reflecting its 
almost pure AE1 and very low AE2 ancestry. 
Comparative whole-genome analyses (neighbor 
joining, STRUCTURE, and principle component 
analyses) with publicly available genomes (n = 45) 
confirmed the MLST result by showing that the 
Iceman’s ancient H. pylori genome has highest 
similarity to three hpAsia2 genomes from India 
(figs. S15 to S17). Although the Iceman’s H. pylori 
strain appears genetically similar to the extant 
strains from northern India, slight differences 
were observed along PC2 in both MLST (Fig. 3C) 
and genome PCAs (fig. S17) and in the neighbor 
joining tree (fig. S15). To further study genomic-scale 
introgression, we performed a high-resolution 
analysis of ancestral motifs using fineSTRUCTURE 
(24). The resulting linked co-ancestry matrix (Fig. 4) 
showed that the ancient H. pylori genome shares 
high levels of ancestry with Indian hpAsia2 strains 
(Fig. 4, green boxes), but even higher co-ancestry 
with most European hpEurope strains (Fig. 4, blue 
boxes). In contrast, the Iceman’s H. pylori shares 
low ancestry with the hpNEAfrica strain, a modern 
representative of AE2 (Fig. 4, black box), and with 
European strains originating from the Iberian 
Peninsula, where the proportion of AE2 ancestry 
is relatively high (Fig. 4, white box) (4). Our sample 
size (n = 1) does not allow further conclusions 
about the prevalence of AE] in ancient Europe and 
the course or rate of AE2 introgression. However, 
the ancient H. pylori strain provides the first evi- 
dence that AE2 was already present in Central 
Europe during the Copper Age, albeit at a low level. 
If the Iceman H. pylori strain is representative of 
its time, the low level of AE2 admixture suggests 
that most of the AE2 ancestry observed in hpEu- 
rope today is a result of AE2 introgression into 
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Europe after the Copper Age, which is later than 
previously proposed (4, 6). Furthermore, our 
co-ancestry results indicate that the Iceman’s 
strain belonged to a prehistoric European branch 
of hpAsia2 that is different from the modern 
hpAsia2 population from northern India. The 
high genetic similarity of the ancient strain to 
bacteria from Europe implies that much of the 
diversity present in Copper Age Europe is still 
retained within the extant hpEurope population, 
despite millennia of subsequent AE2 introgression. 
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PALEOCLIMATE 


Reconciliation of the Devils 
Hole climate record with 


orbital forcing 


Gina E. Moseley,’* R. Lawrence Edwards,” Kathleen A. Wendt,” Hai Cheng,””* 
Yuri Dublyansky,’ Yanbin Lu,” Ronny Boch,'+ Christoph Spot!" 


The driving force behind Quaternary glacial-interglacial cycles and much associated climate 
change is widely considered to be orbital forcing. However, previous versions of the iconic Devils 
Hole (Nevada) subaqueous calcite record exhibit shifts to interglacial values ~10,000 years 
before orbitally forced ice age terminations, and interglacial durations ~10,000 years longer 
than other estimates. Our measurements from Devils Hole 2 replicate virtually all aspects 

of the past 204,000 years of earlier records, except for the timing during terminations, 

and they lower the age of the record near Termination II by ~8000 years, removing both 
~10,000-year anomalies. The shift to interglacial values now broadly coincides with the rise in 
boreal summer insolation, the marine termination, and the rise in atmospheric COz, which is 
consistent with mechanisms ultimately tied to orbital forcing. 


hanges to Earth’s orbital configuration rel- 
ative to the Sun, known as the Milanko- 
vitch hypothesis, astronomical theory, or 
orbital forcing, have long been considered 
the leading theory for the primary mech- 


anism driving Quaternary glacial-interglacial 
cycles (1-3) and associated climate change. 
The hypothesis is supported by a huge array 
of evidence from paleoclimate records across 
the globe, which show that major shifts in 
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climate took place throughout the Quater- 
nary on orbital time scales (2, 4, 5). One par- 
ticular seminal paleoclimate record, however, 
the ~500-thousand-year (ky) Devils Hole record 
from Nevada (fig. S1) (86°25’N, 116°17W; 719 m 
above sea level), has challenged this hypoth- 
esis for nearly three decades (6-8). Of note is 
the controversy (4, 9-11) surrounding the tim- 
ing of events at the end of the penultimate 
glacial period [Termination II (TID]. At issue 
is whether TII preceded the rise in boreal in- 
solation, in which case TII could not result di- 
rectly from orbital forcing. The current Devils 
Hole chronology places the TII shift to inter- 
glacial values ~10 ky before the rise in boreal 
summer insolation (Fig. 1) and the duration of 
the last interglacial period to almost double its 
equivalent in other records, both of which are 
inconsistent with a straightforward explanation 
in terms of orbital forcing. 

The controversial findings generated dis- 
cussion on (i) dating accuracy (72-16) and re- 
solution (17, 18); (ii) the possibility that the 
record represents a regional hydrological sig- 
nal (19-21); and (iii) phase leads and lags 
between proxy records (7, 18, 22). Deviation 
from an orbital pacing was highlighted in the 
original Devils Hole record (6), with a chronol- 
ogy based on alpha-counting °Th and **U/ 
387 dating of sample DH-2. This record was 
later replicated with higher-precision thermal 
ionization mass spectrometric ages on sample 
DH-11 and extended deeper in time (7, 8). A 
mechanism was immediately suggested where- 
by water-sourced *°°Th incorporated during 
calcite growth could lead to artificially old ages 
(12, 14). However, measurements on the outer 
surfaces of DH-11 and DH-2, both of which 
had been submerged for an extended period 
of time, showed that this process operated 
only at low efficiency, under the presumption 
that the adsorption of ??°Th was irreversible 
(15, 16). Several years later, concordant 7?'Pa and 
?30Th ages were obtained on an ~80-ky-old sub- 
sample of DH-11 (13), consistent with an accu- 
rate chronology for this portion of the record. 
In the following two decades, the accuracy of 
the DH-11 chronology remained unchallenged. 

More recently, marine cores off the west coast 
of the Americas recorded changes in temperature 
before marine 5'°0 terminations (27). These ob- 
servations were interpreted in terms of changing 
surface currents resulting in changing temper- 
ature. If Devils Hole recorded these early changes 
in regional temperature, the difference between 
the Devils Hole record and the marine 8"80 record 
would be explained. 

The record was then extended to the Holocene, 
using samples DHC2-3 and DHC2-8 (23), both 
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collected from Devils Hole 2 (24), a cave similar 
to Devils Hole and 200 m away from it. The 
portion near TI could also be explained in terms 
of changing surface currents in the eastern 
Pacific (21). 

Despite the apparent resolution, the con- 
troversy has subsequently been revived. Great 
Basin dripstone (fig. S1) records exhibit shifts to 


interglacial values around the time of marine 
TII (25, 26) and TI (27) and therefore replicate 
neither of the early shifts documented at Devils 
Hole (7, 8, 23). Thus, the controversy currently 
centers on major chronological discrepancies be- 
tween the subaerially formed Great Basin drip- 
stone and subaqueously formed Devils Hole 
records. 
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Fig. 1. Comparison of Devils Hole records with other paleoclimate archives. (A) *°°Th ages 
with 20 uncertainties for DHC2-8 (light blue) (23), DHC2-3 (light-mid blue) (23), DH-11 (light 
green) (7 8, 23), DH-2 (dark green) (this study), DH2-E (mid-dark blue) (this study), and DH2-D 
(dark blue) (this study). VPBD, Vienna Pee Dee belemnite standard. (B) 8'°0 records for samples in 
(A) [same color codes and references as in (A)] and 65°N July insolation (dark gray) (32). (C) 83°C 
records for DH-2, DH2-E, and DH2-D [same color codes as in (A)]. (D) Growth rate of samples from 
this study with [same color codes as in (A)]. (E) Stacked global benthic 8!°O records (5). (F) Ant- 
arctica CO2 composite curve (38-40). (G) 7°°Th ages on mammillary calcite with 26 uncertainty 
(24). Pre-folia, red; post-folia, black; pre-growth hiatus, blue. Arrows indicate the direction of water- 


table change. 
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To address this controversy, we tested the re- 
producibility of the Devils Hole record by re- 
analyzing DH-2 (fig. S2) (6) from Devils Hole proper 
and by analysis of four newly drilled cores (fig. S2) 
from Devils Hole 2. The previously studied sam- 
ples were all collected at substantial depth below 
the current water table (DH-2 = -21 m; DH-11 = 
-30 m; DHC2-3 = -25 m; DHC2-8 = -60 m), 
whereas the new cores from Devils Hole 2 were 
collected from above the water table (DH2-D = 
+2.1m; DH,-E = +0.8 m; DH,-G = +4.5 m; DH.-J = 
+5.5 m) (fig. S3). 

Considering our data, the results confirm 
the overwhelming majority of the features of 
the original studies (6-8, 23), verifying the orig- 
inal analytical results and the reliability with 
which the groundwater system and the calcite 
precipitated from it record climate. Portions of 
the record have now been replicated four times 
with similar results. The general character and 
range of 8'%0 variations, and the U isotopic 
compositions and concentration, are all sim- 
ilar to those in the original reports (6, 8, 23) 
(Fig. 1 and table S1). Further, large portions of 
our chronology replicate the original chronol- 
ogies (8, 23). Between 28 to 112 thousand years 
ago (ka), DH.-D replicates at significantly higher 
resolution the timing of the previous chronol- 
ogy (8, 23) (Fig. 1), while further adding support 
for the timing of the isotopic maximum that 
occurs at about the time of marine isotope stage 
5a, with an age of 82.5 + 0.7 ka, replicating the 
original 20TH age of 80.6 + 2.5 ka (7, 8) and the 
31Pa age 82.5 + 2.8 ka (13). 


Considering our data sample by sample, start- 
ing with our deepest sample (DH-2: -21 m), we 
find that within quoted uncertainties, the newly 
analyzed portion of DH-2 replicates both the 
original DH-2 (6) and DH-11 records (7, 8), thus 
verifying the original analytical results, including 
measurement of the U and Th isotopes used in 
calculating ages. The first hint of an age dis- 
crepancy occurs at about the time of TII, because 
the shift in 8'8O values in our DH-2 record is 
nominally later than the shift in DH-11 (7, 8) 
(Figs. 1 and 2). 

Moreover, comparison of our two highest- 
elevation &'8O records (DHs-D: +2.1; DH>-E: 
+0.8 m) to those from deeper cores yields large 
discrepancies in chronology, well outside of 
analytical error (Figs. 1 and 3 and fig. S4:). These 
discrepancies are largely confined to and clearly 
observed at times that correspond to each of 
the last two terminations, but are best resolved 
during TII because calcite deposition rates are 
higher than during TI (Fig. 1 and fig. S5). The 
?3°Th chronology of the shift to interglacial val- 
ues is systematically younger for cores col- 
lected at higher elevation (Figs. 1 and 2), with 
the shallowest core recording a time of 132.2 + 
1.5 ka (24) for the midpoint of the shift to in- 
terglacial values, as compared with a value of 
142 + 3 ka (8) for the deepest sample for 
which TII data have been reported. The shift 
toward glacial values at the end of the last 
interglacial is similar in all records (Figs. 1 and 
2). Therefore, the duration of the last intergla- 
cial 8'°O peak as recorded in the samples also 
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shifts systematically with sample elevation, 
with a last interglacial duration of 16.1 ky (mea- 
sured from the midpoint of rise to the mid- 
point of fall) recorded in DH,-D as compared 
to a DH-11 duration of ~22 ky (table S2) (7, 8, 18). 
Considering just the portion of the peak 
that records the highest 5'°O values, DH.-D 
records a 6-ky duration (from 127 to 121 ka), 
which is close to half the duration recorded in 
DH-11 (7, 8, 18). Thus, the shallowest core records 
the latest shift to interglacial conditions and 
the shortest duration for the last interglacial 
5'O peak (Figs. 1 and 2). 

The explanation for the relationship between 
apparent age and sample elevation probably lies 
in *°°Th incorporated in the growing calcite from 
the water, as raised previously (12, /4) and argued 
to be negligible (15, 16). The discussion at that 
time assumed irreversible adsorption of 7°°Th 
onto the walls (72, 14-16). In light of our data and 
considering advanced understanding in the dis- 
tribution of 7°°Th in seawater (28, 29), we con- 
sider irreversible exchange unlikely. Indeed, 
vertical profiles through the ocean water column 
show that both particulate and dissolved ?°°Th 
increase in concentration with depth, indicating 
reversible exchange of ?°Th between water and 
particulate matter (28). Furthermore, sharp in- 
creases in dissolved 7°°Th in the upper 200 m 
of the ocean have been demonstrated (29). The 
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systematic increase of 7°°Th ages with depth 
(Figs. 1, 2, and 4) in Devils Hole may thus be the 
result of increasing concentrations of °°Th 
down the water column. The strong correla- 
tion (coefficient of determination, R? = 0.97) 
between the age of the TII midpoint in each 
sample versus depth (Fig. 4) (24) is consistent 
with a reversible exchange-generated increase 
of °°Th with depth in the TII Devils Hole water 
column. 

The appearance of age anomalies during ter- 
minations may result from several factors. First, 
the water table was higher than at present 
during both TI and TII, before it progressively 
declined during the respective following inter- 
glacials (Fig. 1), in agreement with progressively 
drier conditions during interglacials (30, 37). One 
would therefore expect that for a given elevation, 
the water °°Th concentration would have in- 
creased during the pluvial periods associated with 
terminations and then decreased over the course 
of the proceeding interglacial. Second, lower dep- 
ositional rates during times of the anomalies 
(Fig. 1 and fig. S5) may play a role in the in- 
corporation of excess 7?°Th onto the calcite (12). 
Finally, wetter conditions associated with higher 
water tables could be associated with increased 
groundwater flow rates and ?°°Th fluxes into the 
open fractures. 

Regardless of the details of the mechanism, if 
progressively higher levels of ?°°Th at depth are 
responsible for the anomalies, then the shal- 
lowest core, which records the youngest ages, has 
the most accurate chronology. Thus, we con- 
sider the chronology of the DH.-D 880 record 
to be the closest to the true age. Because the 
DH.-D record is in close agreement with the 
timing of 8'%0 shifts in Great Basin dripstone 
records [Figs. 2 and 3; particularly considering 
an up to 2-ky groundwater transit time in the 
Devils Hole system (23)], we conclude that DH.-D 
has negligible initial °°°Th and provides an ac- 
curate chronology. 
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In contrast to DH-11 (7, 8), the timing of TII 
and the duration of the last interglacial 5'°O 
peak (either midpoint to midpoint or peak value 
duration) in the DH,-D record are all consistent 
with orbital forcing. The DHs-D 8'°O shift to 
interglacial values is broadly coincident with the 
rise in boreal summer insolation (32), the rise in 
atmospheric CO, (33), the marine termination 
(34), and the TII Weak Monsoon Interval (4). 
The mechanism for 80 enrichment in precipita- 
tion could be increasing temperature (6-8, 21, 23), 
in which case the temperature rise could be 
caused by the rise in global atmospheric CO., 
which has been closely tied to orbital forcing 
(4). However, it is also likely that changes in 
the proportion of summer (high-5'%0 today) to 
winter (low-5'%0 today) meteoric precipitation 
(i.e., changes in seasonality) played a role. If so, 
the low 8"°O values before the glacial-interglacial 
transition could be partly explained by a larger 
proportion of low-8'%O cool season rainfall as- 
sociated with pluvial conditions. The pluvial con- 
ditions in turn, could be caused by the splitting 
of the jet stream (35) around the Laurentide 
Ice Sheet to the north. In this case, the propor- 
tion of (low-5!%0) winter season moisture would 
diminish as the ice sheet melted, as a result of 
increased boreal summer insolation. The rise 
in insolation could also trigger (high-5"°O sum- 
mer) North American monsoon-like rainfall 
in the region, increasing the mean annual 8'8O 
of precipitation. We conclude that some com- 
bination of these orbitally based processes con- 
tributed to the observed shift in &"°O. Temperature 
changes of Devils Hole water have been small 
(36), so that the temperature-dependent calcite- 
water fractionation would have had little effect 
on calcite &'°O. Also, the rainfall seasonality 
mechanisms do not directly relate to regional 
temperature and could plausibly explain the 
absence of a Devils Hole “lead” that is analogous 
to the lead in temperature observed in the ma- 
rine cores (27). 

Finally, in our (DH,-D) chronology, the prom- 
inent low in 8C at the end of TII is shifted to 
younger values by about 7 ky (Fig. 1) relative to 
the DH-2 and DH-11 (37) records, thus coincid- 
ing with the boreal summer insolation peak. 
Because this could be a time of regional warmth 
and relatively high warm-season rainfall, our 
timing supports the idea (37) that such &°C 
lows are caused by more extensive vegetation 
cover and productivity in the source region for 
the aquifer. 

Our chronologies from Devils Hole have 
demonstrated that there is a systematic offset 
in the age of calcite deposited at increasing 
depths in these open fractures across glacial 
terminations, thus helping to solve one of the 
great paleoclimate enigmas of the past three 
decades. 
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CELL BIOLOGY 


Accurate concentration control of 
mitochondria and nucleoids 


Rishi Jajoo,’* Yoonseok Jung,’ Dann Huh,"+ Matheus P. Viana,” Susanne M. Rafelski,” 


Michael Springer,’ Johan Paulsson’ 


All cellular materials are partitioned between daughters at cell division, but by various 
mechanisms and with different accuracy. In the yeast Schizosaccharomyces pombe, the 
mitochondria are pushed to the cell poles by the spindle. We found that mitochondria 
spatially reequilibrate just before division, and that the mitochondrial volume and 
DNA-containing nucleoids instead segregate in proportion to the cytoplasm inherited 
by each daughter. However, nucleoid partitioning errors are suppressed by control 

at two levels: Mitochondrial volume is actively distributed throughout a cell, and 
nucleoids are spaced out in semiregular arrays within mitochondria. During the 

cell cycle, both mitochondria and nucleoids appear to be produced without feedback, 
creating a net control of fluctuations that is just accurate enough to avoid substantial 


growth defects. 


itochondria are cytoplasmic organelles 

present in most eukaryotes. They gener- 

ate much of the chemical energy of cells 

and have key roles in signaling, apoptosis, 

and disease (1-3). However, little is known 
about how their abundances or their DNA- 
containing nucleoids are controlled during the 
cell cycle or at cell division (4-6). 

To quantitatively investigate these processes 
in the symmetrically dividing fission yeast Schizo- 
saccharomyces pombe, we developed methods to 
count nucleoids and measure the volume of mitochon- 
dria in single cells. Time-lapse imaging of mitochon- 
drial matrix-targeted fluorescent mCherry protein 
confirmed previous observations that mitochon- 
dria are pushed to the cell poles by the mitotic 
spindle (7, 8) before cell division (Fig. 1A) in 
roughly equal amounts, irrespective of where the 
cell eventually divides. This seemed to support 
theoretical predictions that mitochondria segre- 
gate by being pushed or pulled into each cell 
half, as observed for most other DNA molecules, 
from bacterial plasmids (9) to chromosomes. 
However, in the last 15% of the cell cycle—after 
chromosome segregation but before cytokinesis— 
the mitochondria escaped from the poles and 
spatially reequilibrated throughout the length 
of the cell, in virtually every cell observed both 
for wild-type (Fig. 1A) and asymmetrically divid- 
ing mutants (pomIA; Fig. 1, B and C, and fig. S1). 
Movement to the poles was independent of 
Mmb]p, and reequilibration of mitochondria 
occurred when mitochondria colocalized with 
the newly formed microtubule network (see sup- 
plementary text and figs. S2 and S3). Quantifying 
exact volumes of mitochondria via three-dimensional 
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image analysis (J0) showed that mitochondrial 
partitioning occurs by a qualitatively different 
principle, conserving concentrations rather than 
numbers when cell division is asymmetrical (Fig. 
1D). These findings are consistent with the hy- 
pothesis that mitochondrial movement to the poles 
is used to facilitate proper spindle alignment (8). 

Because the migration of the mitochondria to 
the poles has all the appearances of an active 
segregation mechanism and coincides with the 
segregation of nuclear DNA, we considered wheth- 
er the nucleoids were still segregated by this 
mechanism—that is, whether nucleoids remained 
in the cell half in which they were originally 
placed by the spindle even after most of the 
mitochondrial volume reequilibrated. Counting 
mitochondrial nucleoids was not previously pos- 
sible because of the interfering signal from nu- 
clear DNA, and we therefore optimized existing 
staining procedures (ZZ) using the dye Sybr Green 
I (SGI, Molecular Probes) and cross-validated the 
results with two other single-cell methods (figs. S4 
to S6). SGI stains almost all nucleoids in the 
cell (~85%; fig. S7), but the necessary washing 
procedure perturbs their exact spatial positions. 
Simply counting copies within each newly di- 
vided cell revealed that the nucleoids segregated 
in proportion to the cytoplasmic volume in each 
daughter (Fig. 1D and fig. S8), just as with 
mitochondria. 

Thus, the mitochondrial volume and nucleoids 
on average segregated in proportion to the avail- 
able cytoplasmic volume (Fig. 1D), more like pas- 
sively segregating RNAs and proteins than like 
actively segregating chromosomes. However, the 
nucleoids showed smaller deviations from the 
average trend than would be expected from passive 
mechanisms (Fig. 2 and figs. S9 to S11). Specif- 
ically, without active placement, low-abundance 
components should display at least binomial er- 
rors, and larger errors yet if spatial locations 
are randomized by upstream factors. The ob- 
served nucleoid errors were instead substan- 
tially sub-binomial. 


These observations could be reconciled by a 
conceptually simple mechanism whereby nucleoids 
are regularly spaced within mitochondria and 
the mitochondrial volume is evenly distributed 
through cells (Fig. 3A), similar to how carboxy- 
somes segregate in cyanobacteria (72). Semi- 
regular spacing was in fact suggested for nucleoids 
in human and budding yeast cells (13-15) but 
had not been linked to segregation, because it 
was unclear whether the regularity was consist- 
ent throughout mitochondria and because nu- 
cleoid segregation further depends on how the 
mitochondrial volume segregates. Localization 
patterns can also change greatly at the time of 
division; for example, nucleoids could be moved 
to specific locations in cells or accurately sorted 
into clusters that then were actively placed in 
both daughter cells. 

To test clustering and spacing models of nu- 
cleoid segregation (Fig. 3A), we disrupted the 
mitochondrial spatial patterns by means of an 
mmb1A mutant in which mitochondria cannot 
attach to microtubule filaments (J6) and used 
our quantitative postmortem assay to count nu- 
cleoids and measure the cytoplasmic and mito- 
chondrial volumes in newly divided cells. Both 
mitochondria and nucleoids segregated with large 
errors relative to the cytoplasmic volume, but 
the number of nucleoids on average tracked the 
mitochondrial volume. Given the fraction of mito- 
chondrial volume in each individual daughter 
cell, the number of nucleoids still displayed sub- 
binomial errors (Fig. 3B and figs. S12 and S13). 
For example, if the two daughters received 30% 
and 70% of the mitochondrial volume, respec- 
tively, on average 30% of nucleoids went into the 
first daughter and 70% went into the other, but 
the statistical error was lower than expected from 
independent sorting with those probabilities. 
Mmb1-based control is thus required for accurate 
segregation of the mitochondrial volume (16), 
perhaps because mitochondria are too large and 
filamentous (7, 16, 17) to achieve spatial uniform- 
ity by free diffusion, whereas nucleoid segrega- 
tion uses an additional level of control within the 
mitochondria. 

These observations rule out many nucleoid 
sorting models. For example, if nucleoids were 
accurately sorted into clusters but the mitochon- 
dria were randomized, nucleoids would not dis- 
play sub-binomial errors even after accounting 
for the randomized mitochondrial volume. How- 
ever, the results are exactly as expected if nucleoids 
are regularly spaced out within mitochondria, in 
which case only the total amount of mitochon- 
dria in each cell matters. 

To further test this model, we used the asym- 
metrically dividing pomJA mutant to measure 
the statistical partitioning errors versus the sep- 
tum location. When cells divided asymmetrically, 
the error in nucleoid numbers was still sub- 
binomial with probabilities set by the relative 
cytoplasmic volumes (Fig. 3C and figs. S9 and 
$10). This is again as expected from the reg- 
ular spacing model and rules out numerous al- 
ternatives (e.g., models in which filaments push or 
pull nucleoids into specific locations in opposite 
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reduce the observed error slightly but appears to contribute marginally, because we observed even more strongly sub-binomial errors in cells where each 
daughter received as few as 10 copies. (B) The same data as in (A) plotted as a histogram of relative errors for nucleoid segregation compared to a 
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binomial model. Q is defined as Q = ((e-R*)/((L +R) Py where L and R are the numbers of nucleoids that partition to the left and right daughter cells, 


respectively, and the angle brackets represent averages over all cells (27). 
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Fig. 3. Requirement of accurate mitochondrial segregation and regular 
spacing of nucleoids within mitochondria to produce accurate segrega- 
tion of nucleoids. (A) Two models of how nucleoids could be segregated 
accurately to daughter cells: Measured and ordered clustering (left) or reg- 
ular spacing within mitochondria that are themselves evenly partitioned 
between cells (right). (B) Left: image of mmb1A with mito-mCherry (magenta) 
and SGI (green). Scale bar, 1 um. Right: Nucleoid segregation error nor- 
malized to the binomial model plotted against the degree of asymmetric 
mitochondrial division in mmb1A cells. (©) Nucleoid segregation error nor- 
malized to the binomial model plotted against the degree of asymmetric 
division in pom1A cells. The green points are individual cells, and the black 
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point is their average. Error bars indicate SEM. (D) Left: A fixed cell (RJPO28) 
with mCherry-labeled mitochondria (magenta) and EdU-labeled nucleoids 
(green). Right: The same cell analyzed with Mitograph (10) to identify mito- 
chondria (gold) and nucleoids (blue dots). Nucleoids were then projected 
onto the nearest part of the mitochondrial network (red dots). Scale bar, 
Tum. (E) Histogram of the actual distances between neighbor nucleoids 
for 1871 nucleoids in 24 cells (blue) and randomly redistributed nucleoids 
within the mitochondrial network (gray). Redistributed nucleoids were 
restricted to be farther apart than the microscope resolution limit. This again 
shows that the sub-binomial errors do not reflect higher undercounting in the 
daughter with more copies. 


cell halves) (Fig. 3A). To be consistent with these 
data, any putative mechanism for counting 
nucleoids into clusters—the main alternative 
to spacing—would not only need to place nu- 
cleoids in each daughter regardless of the sep- 
tum position and reliably count copies, but also 
sense the relative position of the septum and 
adjust numbers accordingly. By contrast, the 
simplest spacing model predicts all observed 
phenotypes directly (Fig. 3A). 

To directly observe spatial patterns of nucle- 
oids, we then developed a method to visualize 
the native spatial locations of nucleoids within 
mitochondria. We used a strain of S. pombe that 
expressed a mitochondrial matrix—targeted mCherry 
and could incorporate 5-ethynyl-2-deoxyuridine 
(EdU) into nucleoids (18), which can be visualized 
through ligation of a bright fluorophore (19). 
This method requires fixed, cell cycle-arrested 
cells, but unlike the SGI assay above, it allows us 
to visualize native mitochondrial morphology 
and nucleoid positions in interphase cells (see 
supplementary materials). It also sidesteps the 
problem that even the most monomeric fluo- 
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rescent proteins (FPs) may not be monomeric 
enough (20) to faithfully report the localization 
of DNA in situations where many copies are in 
close proximity (27), as is the case for mitochon- 
drial DNA copies in nucleoids. Mapping both 
the mitochondrial network and the position of 
nucleoids (Fig. 3D) showed that nucleoids were 
indeed semiregularly spaced within mitochon- 
dria (Fig. 3E), and this level of regularity can 
quantitatively explain the low nucleoid segre- 
gation errors (fig. S14). The molecular mechanisms 
underlying even spacing are not known, but we 
found that the sub-binomial partitioning is un- 
changed by the fission-inhibiting drug mdivi-1 
(fig. S15). 

To evaluate the control of nucleoid produc- 
tion, we compared the distribution of nucleoid 
numbers in cells at the beginning and end of 
the cell cycle (Fig. 4A). The difference was well 
described by a Poisson distribution (Fig. 4B), 
as expected if new nucleoids were added inde- 
pendently of the current number of nucleoids. 
It is possible that extrinsic noise sources or ef- 
fects of self-replication cancel out against noise 


suppression mechanisms, but this seems un- 
likely because mmb1A, pom1A, and wee1A mu- 
tants were also well described by Poisson 
production despite having very different seg- 
regation errors (Fig. 4B). We further developed 
a microfluidic device that keeps growth con- 
ditions exceptionally constant over time (see 
supplementary materials) and tracked the abun- 
dance of several mitochondrial proteins fused 
to green fluorescent protein (GFP). The amount of 
protein produced during the cell cycle did not 
depend on the initial amount inherited: Similarly 
sized newborn cells expressed the same amount 
of the mitochondrial proteins, on average, re- 
gardless of the starting amount (Fig. 4C). Thus, 
neither nucleoids nor mitochondrial proteins 
appear to use feedback control for production; 
rather, they passively control errors by regress- 
ing to the mean with constant production, much 
like cell size control of bacteria (22). This makes 
sense in light of theoretical work showing that 
feedback-driven noise suppression is mechanis- 
tically challenging and energetically expensive 
(23, 24). 
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Fig. 4. Nucleoid and mitochon- A 
drial production is constant and 
cell growth depends on mito- 
chondrial concentration. (A) 
Schematic of data used to infer 
nucleoid production. In dividing 
cells, the number of nucleoids was 
measured for both newborn 
daughter cells (gray) and just- 
divided mother cells (orange) and 
then normalized to the average 
volume of each population. 

(B) For modeling of nucleoid 
production without feedback 
control, a Poisson distribution 
based on the average number of B 
nucleoids at the beginning of the 
cell cycle was added to the full 
distribution of nucleoids at the 
beginning of the cell cycle. The 
resulting distribution is plotted in 0.4 
blue against the actual data from 
the end of the cell cycle (orange) 
for each strain. On average over all 3 
data sets and strains, the stan- 
dard deviation predicted by the 0.2 
Poisson model differed from the 
actual data by 15%. (C) Total oy 
mitochondria added during the 
cell cycle divided by the added cell 
volume, plotted against the con- 
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centration of mitochondria in newborn cells. Both are normalized by their respective averages. The fluorescence signals of mitochondrially localized GFP 
fusion proteins were used as a proxy for the amount of mitochondria in the cell. A running average of data is shown with error bars representing the SEM 
of the observations (isul-GFP, n = 835 cells; sod1-GFP, n = 1167 cells; shm2-GFP, n = 2720 cells). (D) Normalized growth rate of cells plotted against the 
normalized concentration of mitochondria, for both wild-type cells (n = 3582) and mmbIA cells (n = 2056). Each point is an average of 200 cells; error 


bars denote SEM. 


Our results show that the noise control of 
mitochondrial nucleoids in S. pombe is qualita- 
tively different from the control of chromosomes 
or macromolecules. Chromosomes use substan- 
tial resources to ensure that each copy replicates 
once per cell cycle, with much less than Poisson 
noise, whereas mRNAs and proteins generally 
display super-Poisson noise in production be- 
cause of expression bursts or variation in the 
gene expression machinery (25). Mitochondrial 
nucleoids show Poisson production, as if they 
use passive control but inherit no fluctuations 
from the production machinery or from self- 
replication. At cell division, chromosomes are 
allocated in equal numbers to daughter cells 
regardless of volume differences, whereas cyto- 
plasmic mRNAs and proteins on average segre- 
gate in proportion to cytoplasmic volume but 
with at least binomial partitioning errors (26). 
Mitochondrial nucleoids instead use active con- 
trol at two levels to ensure that they segregate 
in proportion to cytoplasmic volume but with 
sub-binomial errors due to semiregular spacing. 
This achieves relatively small noise in concen- 
trations, despite low numbers of segregating 
units and random differences in cytoplasmic 
volume between daughter cells, and may reflect 
that mitochondria are a key source of metab- 
olite, lipid, and energy production and there- 
fore may be needed in proportion to the size 
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of the individual cell. Indeed, we found that 
growth rates were very similar across the range 
of natural variation in mitochondrial concentra- 
tions, whereas cells with lower concentrations 
showed significant growth defects (Fig. 4D 
and fig. S16). 
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PROTEIN AGGREGATES 


Cytoplasmic protein aggregates 
interfere with nucleocytoplasmic 
transport of protein and RNA 


Andreas C. Woerner,' Frédéric Frottin,’ Daniel Hornburg,” Li R. Feng,'* 
Felix Meissner,” Maria Patra,” Jorg Tatzelt,*** Matthias Mann,” 
Konstanze F. Winklhofer,””’* F. Ulrich Hartl,”*+ Mark S. Hipp’*+ 


Amyloid-like protein aggregation is associated with neurodegeneration and other 
pathologies. The nature of the toxic aggregate species and their mechanism of action 
remain elusive. Here, we analyzed the compartment specificity of aggregate toxicity using 
artificial B-sheet proteins, as well as fragments of mutant huntingtin and TAR DNA binding 
protein—43 (TDP-43). Aggregation in the cytoplasm interfered with nucleocytoplasmic 
protein and RNA transport. In contrast, the same proteins did not inhibit transport when 
forming inclusions in the nucleus at or around the nucleolus. Protein aggregation in the 
cytoplasm, but not the nucleus, caused the sequestration and mislocalization of proteins 
containing disordered and low-complexity sequences, including multiple factors of the 
nuclear import and export machinery. Thus, impairment of nucleocytoplasmic transport 
may contribute to the cellular pathology of various aggregate deposition diseases. 


ellular protein homeostasis (proteostasis) 

is controlled by a complex network of fac- 

tors, including molecular chaperones, pro- 

teases, and their regulators (1, 2). Misfolded 

proteins are recognized and either refolded, 
degraded, or sequestered to distinct cellular sites. 
However, when these proteostasis machineries 
become compromised, as is increasingly the case 
during aging (/, 3), aberrant proteins tend to ac- 
cumulate as toxic aggregate species. This process 
is associated with numerous neurodegenerative 
diseases and other disorders (4). 

Intracellular protein aggregation in disease oc- 
curs predominantly in the cytoplasm and nucleus, 
with toxic effects possibly arising in both loca- 
tions (5-7). Here, we investigated the basic mech- 
anisms by which aggregates exert cytotoxicity in 
acompartment-specific manner. We used authen- 
tic disease proteins and artificial B-sheet proteins 
known to form prefibrillar and fibrillar aggregates 
(8, 9). The artificial proteins are members of a 
combinatorial library designed to form strands. 
They have no evolved biological function, and their 
mRNA does not contain tri- or hexanucleotide re- 
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peat regions (fig. S1, A to C), which may contrib- 
ute to neurodegenerative pathology (10, 11). We 
analyzed two of these proteins, 817 and B23, which 
vary in aggregation efficiency and toxicity. An ar- 
tificial protein forming a soluble o-helical bun- 
dle (aS824) served as a nontoxic control (8, 9). 

B17 and B23 form aggregates in the cytoplasm 
and nucleus of human embryonic kidney 293T 
(HEK293T) cells (9). To identify the cellular com- 
partment in which toxicity arises, we added a nu- 
clear export sequence (NES) or nuclear localization 
sequence (NLS) to the proteins (fig. SLA). NES- 
B17 and NES-23 formed large cytoplasmic inclu- 
sions that stained with the amyloid-specific dye 
NIAD-4 (Fig. 1A and fig. S2A), suggesting the 
presence of cross-B structure (12, 13). NLS-B17 
and NLS-623 formed multiple nuclear inclusions 
in close proximity to the nucleolus (Fig. 1, A and 
B). These inclusions stained only weakly with 
NIAD-4 and displayed reduced detergent solu- 
bility compared to the cytoplasmic aggregates 
(Fig. 1C and fig. S2A). The B proteins in both cyto- 
plasmic and nuclear inclusions were highly im- 
mobile, as measured with 617-green fluorescent 
protein (GFP) fusion proteins (fig. S2B). 

The toxicity of the nuclear B proteins was signif- 
icantly reduced compared to their cytoplasmic 
counterparts and the proteins lacking a localization 
signal (Fig. 1D and fig. $3, A and B). This reduced 
toxicity was not due to lower expression levels 
(Fig. 1C and fig. S3C) or the presence of an NLS. 
Point mutations in the NLS prevented nuclear tar- 
geting and increased toxicity (fig. S3, A and B). Thus, 
otherwise virtually identical proteins form biochem- 
ically distinct aggregate species in the cytoplasm 
and nucleus that differ markedly in toxicity. 

The nuclear aggregates coimmunoprecipitated 
with the abundant, negatively charged nucleolar 
protein nucleophosmin-1 (NPM1) (Fig. 1E) (/4). 
During mitosis, when the nuclear envelope breaks 


down and nucleoli are disassembled, NPM1 dis- 
tributed diffusely throughout the cell, but main- 
tained its apparent association with the aggregates, 
as shown for NLS-B17 (fig. S4). Thus, NPM1 may 
have a chaperone-like function in shielding the 
surfaces of potentially toxic aggregates (15), and 
this may have prevented access of the NIAD-4 
dye. Notably, cells with cytoplasmic aggregates 
underwent mitosis only very rarely. 

The expression of 8 proteins in the cytoplasm 
altered the distribution of nuclear pore complex 
(NPC) proteins and partially dislocated NPC pro- 
teins to the cytoplasmic inclusions of NES-B17 
and NES-623 (Fig. 1A). In contrast, expression of 
NLS-B17 and NLS-B23 had no visible effect on 
NPC integrity (Fig. 1A and fig. S3A). To test wheth- 
er the cytoplasmic aggregates interfered with nu- 
clear transport processes, we used a GFP reporter 
carrying NES and NLS signals (Shuttle-GFP or 
S-GFP). In control cells, S-GFP accumulated pre- 
dominantly in the cytoplasm (Fig. 2, A and B). 
Expression of NLS-f17 did not alter the distribu- 
tion of S-GFP. However, NES-B17 caused a signif- 
icant retention of S-GFP in the nucleus (Fig. 2, A 
and B). This inhibition of nuclear export was even 
more pronounced in cells containing cytoplasmic 
inclusions of polyQ-expanded Htt exon 1 (Htt96Q) 
(Fig. 2, A and B). Upon addition of the exportin 
inhibitor leptomycin B (LMB) (J6) to control cells, 
S-GFP accumulated in the nucleus within 15 min 
(Fig. 2, A and B), reflecting rapid nuclear import. 
Again, this import was significantly inhibited by 
cytoplasmic aggregates of NES-817 and Htt96Q, 
but not by nuclear NLS-B17. Thus, the cytoplasmic 
aggregates analyzed interfere with both import 
and export of proteins through the nuclear pore. 

We also analyzed the nuclear translocation of 
the endogenous protein nuclear factor «B (NF-«B) 
subunit p65 upon activation with the cytokine tu- 
mor necrosis factor-a (TNFa) (17). p65 readily 
translocated in control cells and in cells express- 
ing nuclear B-sheet proteins. In contrast, cells 
containing cytoplasmic aggregates failed to sup- 
port p65 transport (Fig. 2C), even though phos- 
phorylation of p65 and degradation of inhibitor of 
nuclear factor «B (I«B) were not altered (fig. S5). 

Next we tested whether cytoplasmic aggregates 
also affected the transport of RNA. In control 
cells, polyadenylate [poly(A)] RNA (mRNA) was 
distributed throughout the cytoplasm and was 
present in small nuclear ribonucleic particles 
(Fig. 3A) (78). Expression of the nuclear B pro- 
teins did not influence this pattern. However, we 
observed a substantial nuclear accumulation of 
mRNA in cells expressing either the cytoplasmic 
6 proteins, Htt96Q, or a GFP-tagged C-terminal 
fragment of TAR DNA binding protein-43 (TDP- 
F4) (Fig. 3, A and B, and fig. S6A). Similar frag- 
ments of TDP-43 aggregate in the cytoplasm of 
neuronal cells in amyotrophic lateral sclerosis 
and frontotemporal dementia (19). 

Impairment of mRNA export from the nucleus 
would explain the reported reduction in protein 
synthesis capacity of §-protein-expressing cells (9). 
Indeed, expression of the cytoplasmic B proteins, 
but not the nuclear £ proteins, resulted in a signif- 
icant reduction in protein biosynthesis (Fig. 3C 
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and fig. S6B). Quantitative analysis of mRNA levels 
confirmed that the strong reduction in cytoplasmic 
mRNA content was due to inhibition of export from 
the nucleus and not to reduced RNA synthesis or 
increased turnover (fig. S6, C and D). 
Inhibition of mRNA export by cytoplasmic ag- 
gregates was reproduced in neuroblastoma cells 
and primary neurons (figs. S7 and S8). Mutant 
Htt preferentially forms nuclear inclusions in 
primary neurons (7), and these did not interfere 
with mRNA export (fig. S8). However, in the stri- 
atum and cortex of the R6/2 mouse, which is 
transgenic for human polyQ-expanded Htt exon 
1(20), mutant Htt forms cytoplasmic and nuclear 
aggregates (27). We observed significant alter- 


Fig. 1. Targeting aggregation-prone 
proteins to cytoplasm or nucleus 
modulates their properties. HEK293T 
cells 24 hours after transfection of the 
indicated NES- and NLS-proteins. 

(A) Anti-Myc (red), anti- NPC (nuclear 
pore complex) proteins (green), and 
DAPI (4’ ,6-diamidino-2-phenylindole) 
(blue). Scale bar, 10 um. (B) Anti- 

Myc (red), nucleoli labeled with anti-NPM1 
(green) and DAPI (blue). Scale bar, 10 um. 
(C) Solubility of 8 proteins directed to 
cytoplasm and nucleus. S, soluble frac- 
tion; P, pellet fraction; H3, histone H3; 
GAPDH, glyceraldehyde-3-phosphate de- 
hydrogenase. (D) Viability of HEK293T cells 
expressing «S824 and B proteins, as mea- 
sured by MTT [3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide] 
assay. All values relative to untrans- 
fected control cells. Data are mean + SD, 
n = 4 independent experiments. 

*P < 0.05, ***P < 0.001 by unpaired 
Student's t test. (E) HEK293T cells 
were transfected with the indicated con- 
structs; after cell lysis, anti-Myc was used 
for immunoprecipitation (IP). T, total. 
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ations in mRNA distribution in brain slices of 
9-week-old R6/2 mice. More than 10% of the neu- 
rons analyzed showed either an accumulation of 
mRNA in the nucleus or an overall reduction in 
mRNA levels (Fig. 3, D and E, and fig. S9A). 
Protein aggregates may exert toxicity through 
aberrant interactions with other proteins, result- 
ing in their functional impairment and seques- 
tration (9, 22). Quantitative interactome analysis 
of the B proteins in HEK cells previously identi- 
fied several proteins involved in nuclear transport, 
including importin subunit alpha-1/KPNA2 and 
THOC2 (9), a subunit of the THO (suppressor 
of the transcriptional defects of hpriA by over- 


expression) complex involved in mRNA export 
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(23, 24). A similar interactome analysis in pri- 
mary neurons expressing either B17-GFP or GFP 
alone identified the seven-subunit THO complex 
as a highly enriched f-protein interactor (Fig. 4A 
and tables S1 to 3). Indeed, expression of NES-B17 
caused mislocalization and, in some cases, aggre- 
gation of THOC proteins in the cytoplasm, as 
shown with antibodies against THOC2 (Fig. 4B). 
Notably, the nuclear inclusions of NLS-B17 did not 
coaggregate with THOC2, although most of the 
THOC2 was present in the nucleus. Mislocalization 
of THOC2 to the cytoplasm also occurred in 
cells containing cytoplasmic Htt96Q or TDP-F4 
aggregates (Fig. 4B), and in the brains of R6/2 mice 
(fig. SOB). THOC2 often formed separate inclusions 
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n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 from unpaired Student's t test. (©) HEK2983T cells transfected with empty vector (Control), 
NES-B17, or NLS-B17 (red) were analyzed for NF-«B p65 localization (green) with and without TNFa treatment (30 min). Nuclear DNA (blue). Scale bar, 10 um. 
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Fig. 3. Protein aggregates in the cytoplasm 
inhibit MRNA export. (A) HEK293T cells were ana- 
lyzed for polyA RNA (green), NES-B17, NLS-17, 
Htt96Q, or TDP-F4 (red); DAPI (blue). Scale bar, 
10 um. (B) Quantification of (A). Data are mean + SD, 
n= 3 independent experiments. (C) Quantification of 
protein biosynthesis from data in fig. S6B. 2°S-Met 
incorporation in control cells was set to 100%. Data 
are mean + SD, n = 3 independent experiments. *P < 
0.05, **P < 0.01 from unpaired Student's t test. 
(D) Distribution of polyA RNA (green) in brain slices 
of 9-week-old wild-type (Wt) and R6/2 mice, trans- 
genic for human polyQ-expanded Htt exon 1. PolyQ 
expanded Htt (red); nuclear DNA (blue). The mid- 
dle panel shows an example of a cell with nuclear 
accumulation of mRNA and mRNA remaining in the 
cytoplasm. The right panel shows a cell with strongly 
reduced overall MRNA levels. (E) Quantification of 
fraction of cells from Wt and R6/2 mice with ab- 
normal polyA RNA distribution from data in (D). At 
least 1000 cells were analyzed per animal. Data are 
mean + SD, n = 3 independent experiments. **P < 
0.01 from unpaired Student's t test. 


Fig. 4. Cytoplasmic aggregates cause mislocal- 
ization of nuclear transport factors. (A) The 
B17-GFP interactome was determined by anti-GFP 
pull-down and quantitative mass spectrometry, with 
cells expressing GFP alone as a control. Significant 
interactors were analyzed for highly enriched anno- 
tations. The y axis indicates the fold enrichment of 
annotations; the x axis depicts the significance of 
the respective enrichment. The THO complex was 
the most strongly enriched interactor of 817-GFP in 
primary neurons. (B) Immunofluorescence analy- 
sis of HEK293T cells transfected with empty vector 
(Control), NES-B17, NLS-B17, Htt96Q, or TDP-F4. 
THOC2 (green), protein aggregates (red), DAPI 
(blue). Scale bar, 10 um. 
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that did not colocalize with these aggregates (Fig. 
4B), consistent with the prion-like behavior de- 
scribed for certain RNA binding proteins when 
dislocated to the cytoplasm (25). Importin o-1 
and importin o-3 were also mislocalized to cyto- 
plasmic B-protein aggregates (fig. S10, A and B). 

Besides THOC, the £-protein interactome in 
primary neurons contained splicing factors and 
several other RNA binding proteins (Fig. 4A and 
table S1), suggesting that the cytoplasmic aggre- 
gates affect not only mRNA export, but also nu- 
clear mRNA processing. Indeed, cells containing 
cytoplasmic aggregates exhibited a more pro- 
nounced accumulation of mRNA in the nucleus 
than cells in which THOC2 was down-regulated 
(fig. S1OC) (26). 

Our findings provide insight into common 
mechanisms that are likely to contribute to aggre- 
gate toxicity in neurodegenerative diseases and 
other disorders. Cytoplasmic aggregates of artifi- 
cial B-sheet proteins and authentic disease proteins 
caused a pronounced impairment of nucleocyto- 
plasmic transport and a redistribution of nuclear 
shuttle factors to the cytosol. Several of these trans- 
port proteins, including THOC2 (fig. S11), contain 
disordered and low-complexity sequences that 
may render them vulnerable to interactions with 
the interactive surfaces of cytoplasmic aggregates 
(table S2). Thus, the inhibition of nuclear transport 
observed in this system can be assigned to proteo- 
toxicity, rather than to aberrant interactions be- 
tween RNA repeat sequences and RNA binding 
proteins (0). Such repeat RNAs occur in the coding 
region or in untranslated regions of disease genes 
and are associated with amyotrophic lateral sclerosis, 
frontotemporal dementia, and CAG repeat disorders 
(1). Their coexistence with protein aggregates 
has confounded the analysis of toxicity mecha- 
nisms (10, 27, 28). 

Surprisingly, otherwise identical aggregation- 
prone proteins did not interfere with nucleocyto- 
plasmic transport when directed to the nucleus. 
How the nuclear environment alters the interac- 
tion properties of the 8 proteins remains to be in- 
vestigated in detail, but our findings suggest that 
the negatively charged, nucleolar protein NPM1 is 
involved in shielding interactive aggregate sur- 
faces. Indeed, recent reports that misfolded cyto- 
plasmic proteins are actively imported into the 
nucleus for degradation (29) support a protective 
role for the intranuclear sequestration of aber- 
rant proteins (7). However, specific aggregation- 
prone proteins may escape recognition by the 
nuclear quality-control machinery. For example, 
nuclear aggregates of polyQ expansion proteins 
have been shown to interfere with transcription- 
al regulation by engaging transcription factors 
containing glutamine repeats (30). A better under- 
standing of nuclear proteostasis may help in de- 
veloping new strategies for the treatment of 
proteinopathies. 
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STEM CELL NICHE 


Fetal liver hematopoietic stem cell 
niches associate with portal vessels 


Jalal A. Khan,””* Avital Mendelson,”” Yuya Kunisaki,”?* Alexander Birbrair,”? 
Yan Kou,° Anna Arnal-Estapé,"?+ Sandra Pinho,’? Paul Ciero,! Fumio Nakahara,” 
Avi Ma’ayan,° Aviv Bergman,* Miriam Merad,’ Paul S. Frenette””**+ 


Whereas the cellular basis of the hematopoietic stem cell (HSC) niche in the bone marrow 
has been characterized, the nature of the fetal liver niche is not yet elucidated. We show 

that Nestin*NG2* pericytes associate with portal vessels, forming a niche promoting HSC 
expansion. Nestin*NG2* cells and HSCs scale during development with the fractal branching 
patterns of portal vessels, tributaries of the umbilical vein. After closure of the umbilical inlet at 
birth, portal vessels undergo a transition from Neuropilin-1*Ephrin-B2* artery to EphB4* vein 
phenotype, associated with a loss of periportal Nestin*NG2* cells and emigration of HSCs 
away from portal vessels. These data support a model in which HSCs are titrated against a 
periportal vascular niche with a fractal-like organization enabled by placental circulation. 


ematopoietic stem cells (HSCs) are gen- 

erated in the mouse fetus around embryonic 

day 10.5 (E10.5) from hemogenic endothe- 

lium of the dorsal aorta (J, 2), then migrate 

to the placenta via the umbilical arteries 
(3) and return to the fetus via the umbilical vein 
(4). The umbilical vein delivers oxygenated blood 
to the fetus via the portal sinus, whose branches 
give rise to the portal vessels in the fetal liver (FL). 
In this organ, HSCs undergo marked expansion (5). 
The predictable growth curve of HSCs during de- 
velopment suggests that hitherto unknown deter- 
minants set the numbers of these cells. 

Although FL HSCs are highly proliferative, a 
hallmark of adult bone marrow (BM) HSCs is 
their cell cycle quiescence (6). Perivascular cells 
expressing Nestin (7), CXCL12 (8), and the leptin 


receptor (9) contribute to HSC maintenance. 
Nestin*NG2* arteriolar pericytes (JO), as well as 
megakaryocytes (1, 12), maintain quiescent HSCs 
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Fig. 1. Peri-arterial Nestin* stromal cells associate with HSCs in the fetal liver. (A) 
Fluorescence-activated cell sorting (FACS) analysis of Nestin-GFP stroma from E14.5 FL. 
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(B) CFU-F from sorted FL cells; n = 4. (C to F) Immunofluorescence analyses of Nestin-GFP E14.5 FL cryosections stained for Neuropilin-1 [white, (C) and (D)] 
or EphB4 [white, (E) and (F)]. Colocalization of aSMA* and Nestin* pericytes around Neuropilin-1* portal vessels (*) but not EphB4* veins (**). Scale bar, 100 um. 
(G) Distance distribution between CD150*CD48° CD41 Lineage” HSCs and Nestin* cells from whole-mount stained Nestin-GFP FL (n = 105 from 12 E14.5 FLs), 
binned into 20-um intervals. (H) Probability distribution of mean distances from simulations of randomly positioned HSCs in relation to Nestin* cells. Actual mean 
distance shown in relation to mean of simulations + 2 SD. ****P < 107+. 
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Fig. 2. Nestin* perivascular cells drive HSC expansion 
in vivo. (A) FACS quantification of CD150*Scal* CD45* 
CD48"Lin” HSCs in reaggregates, with or without Nestin* 
cells. (B) Donor engraftment 16 weeks after transplan- 
tation of reaggregates together with congenic compet- 
itor cells. n.d., not detectable. n = 6 to 7 per group. (C) 
CD150*CD48 Scal*CD11b*CD45*CD41 Lineage DAPI" 
HSC numbers in control and NG2-depleted littermates. 
(D) Limiting dilution analyses of LTC-ICs in Lineage’ cells 
from NG2-depleted (red) and control (blue) littermate 
FLs. (E) Competitive repopulation assays of NG2-depleted 
and control FL.n =6 and 7 mice per control and depleted 
littermates, respectively. *P < 0.05, **P < 0.01. 
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in the BM. Much less is known about the FL niche 
promoting HSC proliferation. FL-derived stromal 
cell lines support HSC expansion in vitro (13, 14). 
However, a HSC niche in the liver has not been 
demonstrated in vivo. 

Within the E14.5 FL of Nestin-GFP (green fluo- 
rescent protein) transgenic mice, endothelial cells 
and a rare population of stromal cells (Fig. 1A) 
(0.045% + 0.007% of total nucleated cells) are 
marked by GFP. These stromal cells, hereafter 
termed Nestin* cells, are highly enriched in colony- 
forming unit-fibroblast activity (CFU-F) (Fig. 1B) 
and expressed mesenchymal lineage markers and 
DLK1, but neither the biliary marker EpCAM (15) 
nor hepatic genes (fig. S1, A and B). FL CFU-F 
colonies derived from Nestin* cells had trilineage 
mesenchymal lineage capacity when cultured in 
defined conditions (fig. S1, C to F). Nestin* cells 
expressed o-smooth muscle actin (aSMA) (fig. 
S1G), the pericyte marker NG2 (fig. S2, C and D), 
and colocalized with aSMA staining on portal 
vessels expressing the endothelial arterial markers 
Ephrin-B2 and Neuropilin-1 but not the venular 
marker EphBé4 (fig. S1, H to J, and Fig. 1, C to F). 
Thus, Nestin® cells are pericytes abutting Efnb2 
and Neuropilin-1-expressing endothelia on portal 
vessels. Last, Nestin* cells were enriched for HSC 
niche and expansion factors (fig. S1, K and L), 
raising the potential for regulating FL HSCs. 

To evaluate the spatial relationships between 
HSCs and Nestin* cells, we stained CD150*CD48~ 
CD41 Lineage” HSCs in whole-mount FLs and 
evaluated the significance of the associations by 
computational modeling (70). A large HSC fraction 
(>40%) was located within 20 um of Nestin* 
cells on portal vessels (Fig. 1G). We then sim- 
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ulated nonpreferential HSC placement on images 
of whole-mount prepared FLs to define the dis- 
tribution of randomly localized HSCs to portal 
vessels. The observed HSC mean distance to 
Nestin*™ cells (42.2 um) was statistically different 
from that of randomly placed HSCs (92.3 um, P = 
0.018) (Fig. 1H). The close physical associations 
between HSCs and Nestin* periportal cells suggest 
that the portal vasculature may harbor a HSC niche. 

We adapted the reaggregate organ culture assay 
in which selected populations are pelleted and 
cultured on the surface of a porous membrane (J6). 
A FL cell mixture containing hematopoietic stem 
and progenitor cells (Lineage”-CD45*), CD31* 
endothelial cells, and hepatic parenchymal/stromal 
cells (CD45 Lineage’) was separated by cell sort- 
ing and was reaggregated with or without Nestin* 
cells (ratio ~235/1) and cultured in the absence of 
exogenous cytokines or serum (fig. S2A). Signif- 
icantly higher numbers of phenotypic HSCs (7) 
were maintained in the reaggregates containing 
Nestin® cells after 7 days in culture (Fig. 2A and fig. 
S2B), and these reaggregates contained detectable 
long-term repopulating FL HSC activity after trans- 
plantation, whereas the controls did not (Fig. 2B). 
These results suggest that factors produced by the 
FL Nestin® cells were sufficient to maintain HSCs 
in culture. 

In contrast to Nestin-GFP, which also labels 
FL endothelial cells, NG2 expression was specific 
to Nestin* pericytes (~98% overlap) (fig. S2, C to 
G) and aSMA* portal vessels, as determined by 
NG2-cre transgenic mice (78) crossed with induc- 
ible TdTomato transgenic mice (fig. S2, H and I). 
We then crossed male NG2-cre mice with female 
Cre-inducible diphtheria toxin A (iDTA) mice to 
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deplete NG2* cells by selective expression of DTA 
after NG2-cre-mediated excision of a floxed-STOP 
cassette (19). Embryos were staged in utero by 
crown-rump length (CRL) using ultrasound imag- 
ing (fig. S2J). NG2-cre/iDTA fetuses did not exhibit 
gross developmental defects compared with litter- 
mates (fig. S3A) and had similar CRL (fig. S3B). 
Although NG2-cre activity was detected in mural 
cells surrounding the midline dorsal aorta at E11 
(fig. S3C), we found no difference in HSCs and 
LSKs in E12 to E12.5 FLs of NG2-cre/iDTA trans- 
genic mice (fig. S3, D to G), suggesting that HSC 
specification and homing to FL were not signifi- 
cantly altered. At E14.5, however, HSCs were sig- 
nificantly reduced (by ~45%) (Fig. 2C and fig. S3H) 
in FLs from NG2-cre/iDTA fetuses compared with 
control littermates, whereas progenitors were un- 
affected (fig. $3, I and J). Limiting dilution analy- 
ses also revealed a 45% reduction of long-term 
culture-initiating colonies (LTC-IC) (20) in NG2- 
cre/iDTA FLs compared with control littermates 
(Fig. 2D). These data suggest that Nestin*NG2* 
cells provide a niche in the FL. 

HSCs from NG2-cre/iDTA mice FLs exhibited 
reductions (~43%) in bromodeoxyuridine uptake 
compared with littermate controls, suggesting that 
Nestin*NG2* cells are required for HSC prolifera- 
tion (fig. S3K). Consistent with previous reports 
suggesting a reduced capacity of S/G2/M-phase 
HSCs to engraft irradiated recipient mice (20, 27), 
we observed an increase in HSC engraftment in 
NG2-cre/iDTA FLs compared with control litter- 
mates (Fig. 2E and fig. S4A). Indeed, engraftment- 
competent Gj/G,-phase HSCs were enriched in 
NG2-cre/iDTA mice compared with littermate con- 
trols, whereas the S/G./M-phase HSCs (DNA > 2n) 


16 


Fig. 3. Fractal geometry underlies HSC expansion. (A) Nestin* cells expand from E12 to E15 according to a power law (R? = 0.95). (B) HSC numbers relative 
to gestational age plotted from quantification of Ema et al. (5). (C) Portal vessel surface area from E12 to E14.5 scales according to a similar power law (R* = 
0.99; n = 6). Slopes indicated in panels. (D to F) 3D reconstructions of afferent PVs (red) and efferent veins (blue) in E12 (D), E13 (E), and E14.5 (F) FLs. PS, 
portal sinus; VC, vena cava; SA, surface area. (G) Calculation of the scale-invariant fractal dimension of FL afferent vessels using box-counting. 
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were reduced (fig. S4, B to F). Together, these 
data indicate that Nestin* cells are required to 
drive fetal HSC expansion. 

Because arteriole-associated Nestin*NG2* cells 
promote HSC quiescence in adult BM (J0) and 
analogous cells appear to exert opposite func- 
tions in the FL, we next sequenced cDNA libraries 
of Nestin*NG2* cells sorted from BM and FL 
stroma from Nestin-GFP;NG2-DsRed double- 
transgenic mice (fig. $5). Most (95.6%) BM and 
FL Nestin*NG2* cell transcripts were statistically 
indistinguishable, but FL transcripts accounted 
for the majority of differentially expressed (DE) 
genes (fig. S5, A and B), suggesting that these cells 
are highly similar. Indeed, BM and FL Nestin*NG2* 
cells had similar expression of many HSC niche 
and pericyte genes (fig. S5, F and H). Accordingly, 
reaggregation of E14.5 FL cell mixtures with sim- 
ilar numbers of adult BM Nestin™™®" cells (10) or 
FL Nestin® cells revealed a similar capacity to 
support HSCs (fig. S4G). In addition, Scf Angpitl2, 
and Jgf2 expression in Nestin* cells were similar 
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at E12, E13, and E14.5, suggesting that Nestin* 
cells do not expand HSCs by increasing expression 
of these factors (fig. S4, H and I). FL DE genes were 
analyzed with the Enrichr gene-set enrichment 
analysis tool (22); genes involved in mitosis, me- 
tabolism, and growth—as well as knockout pheno- 
types including abnormal blood vessel development, 
blood circulation, and cell proliferation—were 
significantly enriched (fig. S5, C to E). Chromatin 
immunoprecipitation sequencing enrichment 
analyses (23) applied to identify upstream regu- 
latory factors highly connected to FL DE genes 
pointed to key drivers of cell cycle progression (fig. 
S6, A to C). Accordingly, FL Nestin* cells differen- 
tially expressed cell cycle genes, including Ki67, 
and were actively proliferating (figs. S5I and SIM). 

The enrichment of genes promoting cell cycle 
progression and vascular development supports 
the hypothesis—as implied by the niche concept— 
that the expansion of Nestin*NG2* cells and portal 
vessels is synchronized with HSC expansion. The 
absolute numbers of Nestin* cells increased loga- 
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rithmically over E12 to E14.5 (Fig. 3A). When com- 
pared with numbers of HSCs (Fig. 3B) (5), the rates 
of expansion were indistinguishable (Fig. 3, A 
and B) [P = 0.69, analysis of covariance (ANCOVA)]. 
We next mapped the vasculature by tracing vessels 
in consecutive cryosections of Nestin-GFP* FLs from 
E12 to E145 (fig. S7, A to C) to generate complete 
three-dimensional (3D) surface maps (Fig. 3, D to 
F). Portal vessels receiving blood from the um- 
bilical vein (UV) were lined with Nestin* cells (fig. 
S87, Ato C, and Fig. 3, D to F), in contrast to aSMA- 
negative hepatic veins that lacked Nestin™ cell lining 
(fig. S7C). At E13 and E14.5, portal vessel branching 
became progressively more intricate (Fig. 3, E and 
F), and the surface area of these structures increased 
logarithmically. Nestin* cell numbers and portal 
vessels’ surface area scaled over time with indis- 
tinguishable slopes (P = 0.47, ANCOVA) (Fig. 3, A 
and C), suggesting that the HSC niche expansion 
is also related to portal vessel surface area. 

That Nestin* cell and portal vessel expansion fit 
a power law suggests that they follow a fractal-like 
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Fig. 4. Ligation of the umbilical vein inlet terminates the portal vessel 
HSC niche. (A to D) Immunofluorescence analyses of PO [(A) and (C)] and 
P8 [(B) and (D)] liver cryosections stained for aSMA (red), Nestin-GFP (green), 
nuclear dye Hoechst (blue), and Neuropilin-1 or EphB4 (white). *, portal vessels; 
** hepatic veins; arrowheads, Nestin* cells (PO) or outline of portal vessel; solid 
arrow, hepatic artery; open arrows, bile ducts. (E) FACS analysis showing de- 
creasing numbers of CD150*CD48 Scal*CD11b*CD45*CD41 Lineage” DAPI" 
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HSCs between P2 and P8. (F) Representative whole-mount immunofluores- 
cence imaging of a CD150*CD48 Lin” HSC (arrow) in P3 fetal liver. Arrow- 
heads, portal vessel. (G) Distance distribution of HSCs from portal vessels 
(n = 77 from 20 livers). FL HSC measurements from Fig. 1G (dashed-line 
bars) are shown for comparison. (H) HSC distances from portal vessels in 
fetal and postnatal livers showing increasing mean distances with age. Scale 
bars: (A) to (D), 100 um; F, 20 um. *P < 0.05, **P < 0.01, ****P < 0.0001. 


8 JANUARY 2016 » VOL 351ISSUE 6269 179 


RESEARCH | REPORTS 


organization. Fractals are geometries exhibiting 
self-similarity; the observed structures share char- 
acteristics across spatial levels (24). To characterize 
the multiscale behavior of portal vessels, we ap- 
plied a 3D box-counting algorithm. This method 
consists of overlaying the object with a series of 
3D grids of exponentially decreasing block sizes 
(R) and counting the number of boxes intersecting 
the object (V). By analyzing the slope of N plotted 
against R on a bilogarithmic scale, the dimen- 
sionality of the object was determined. Box-counting 
analysis revealed that portal vessels were self- 
similar over three decades of scale. Furthermore, 
the dimensionality was relatively constant as por- 
tal vessels branched over E12 to E14.5 (2.15 to 
2.35) (Fig. 3G). These findings suggest that the 
expansion of HSCs and Nestin* cells during fetal 
development is governed by fractal-like geometries 
of the portal vessel niche. 

After birth, ligation of the umbilical inlet leads 
to dramatic hemodynamic changes in portal vessel 
flow (fig. S8, A to E). Whereas at postnatal day 0 
(PO), portal vessels expressed the arterial mark- 
ers Neuropilin-1 and Ephrin-B2 and were accom- 
panied by Nestin* cells (Fig. 4A and fig. S8F), 
their expression levels were markedly reduced in 
P8 portal vessels, which were, by then, devoid of 
Nestin* cells (Fig. 4B and fig. S8G), in part due to 
Nestin® cell apoptosis as detected by terminal 
deoxynucleotidyl transferase-mediated deoxyuri- 
dine triphosphate nick end labeling staining 
(fig. S8, H and I). At this time, portal vessels 
expressed EphB4 (Fig. 4, C and D), suggesting 
that they transited into a vein phenotype. 

These notable changes were associated with a 
marked reduction in liver HSC content at P8 (Fig. 
4E). Perinatal HSCs were also rapidly established 
in the neonatal spleen (fig. S8J) and might also 
contribute to sustaining blood production until the 
BM becomes fully functional (25, 26). Using whole- 
mount imaging, we found that, in contrast to the 
fetal liver, few HSCs (<3%) were located within 
20 um of postnatal portal vessels (PO to P5) (Fig. 4, 
F and G), and mean HSC distances to portal vessels 
increased significantly (Fig. 4H). These results thus 
further underscore the critical role for the arterial 
portal vessels in forming a FL niche. 

Our data support the concept that HSCs are 
titrated against a branching portal vessel net- 
work. Fractal geometries of vessel branching 
optimize the delivery of blood (27), with each 
division serving a smaller compartment within 
the organ. The availability of niche cells to sus- 
tain proliferating HSCs may thus be tied to the 
innate growth of the portal vascular tree. Our 
results also provide a biological explanation for 
the rapid loss of HSCs in the postnatal liver, 
where dramatic postnatal changes in portal ves- 
sels lead to a loss of niche cells and the migration 
of HSCs away from the portal niche. As HSCs 
emerge from the largest artery (aorta), expand 
around arterial portal vessels of the fetal liver, 
and are later maintained quiescent in the adult 
marrow near small arterioles (JO, 17), the arterial 
vasculature may provide an adaptive niche, serv- 
ing hematopoiesis at multiple stages of mamma- 
lian life. 
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PROTEIN STRUCTURE 


The structure of the B-barrel 
assembly machinery complex 


Jeremy Bakelar,’ Susan K. Buchanan,” Nicholas Noinaj'* 


p-Barrel outer membrane proteins (OMPs) are found in the outer membranes of 
Gram-negative bacteria and are essential for nutrient import, signaling, and adhesion. 

A 200-kilodalton five-component complex called the f-barrel assembly machinery (BAM) 
complex has been implicated in the biogenesis of OMPs. We report the structure of the 
BAM complex from Escherichia coli, revealing that binding of BamCDE modulates the 
conformation of BamA, the central component, which may serve to regulate the BAM 
complex. The periplasmic domain of BamA was in a closed state that prevents access to 
the barrel lumen, which indicates substrate OMPs may not be threaded through the barrel 
during biogenesis. Further, conformational shifts in the barrel domain lead to opening of 
the exit pore and rearrangement at the lateral gate. 


ram-negative bacteria contain both an 
inner membrane (IM) and an outer mem- 
brane (OM) that serve important roles in 
nutrient import, cell signaling, waste ex- 
port, and protection. Integral membrane 
proteins in the IM all have an o-helical fold con- 
sisting of one or more o-helices. In the OM, how- 
ever, integral membrane proteins have a B-barrel 


fold consisting of 8 to 26 antiparallel B-strands. 
In pathogenic strains of bacteria, some outer 
membrane proteins (OMPs) can also serve as 


‘Markey Center for Structural Biology, Department of Biological 
Sciences, Purdue University, West Lafayette, IN 47907, USA. 
?National Institute of Diabetes and Digestive and Kidney 
Diseases, National Institutes of Health, Bethesda, MD 20892, USA. 
*Corresponding author. E-mail: nnoinaj@purdue.edu 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


virulence factors that mediate infection. OMPs 
are only found in the OMs of Gram-negative 
bacteria, mitochondria, and chloroplasts (J, 2). 

The exact mechanism explaining how OMPs 
are folded and inserted into the OM remains un- 
known; however, studies have identified a gen- 


extracellular 


cytoplasm 


nascent OMP 


eral pathway and conserved machinery that is 
responsible for the biogenesis of OMPs (3-5). A 
majority of these advances have been made by 
working with Gram-negative bacteria (3, 6, 7). 
Here, the nascent OMPs are first synthesized 
in the cytoplasm with an N-terminal leader se- 


periplasm 


quence that directs them to the Sec translocon 
for transport across the IM, into the periplasm 
(Fig. 1A). Chaperones, such as SurA and Skp, 
then further escort the nascent OMPs to a multi- 
component complex called the B-barrel assembly 
machinery (BAM) complex, which is responsible 


je. ~410 A ——__—4 


Fig. 1. The structure of the BAM complex. (A) The pathway for the biogenesis of B-barrel OMPs in Gram-negative bacteria. (B) A membrane view of the 
structure of the full BAM complex, formed from merging the crystal structures of BamACDE and BamAB (PDB ID 4PK1). The bottom panel shows the 
periplasmic view, rotated 90° along the x axis relative to the top panel. BamA is shown in green, BamB in gray, BamC in blue, BamD in gold, and BamE in 
purple. (C) The B-barrel domain of BamA undgoes a dramatic conformational change along strands B1 to B8, which can be seen here. This panel is rotated ~90° 
along the y axis relative to the top view of panel (B). The overall measurements of the BAM complex are ~115 by 115 by 115 A. 
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for folding and inserting OMPs into the OM 
(4, 8). In Escherichia coli, the BAM complex con- 
sists of five components, BamA, B, C, D, and E. 
BamA, a 16-stranded OMP, is the central com- 
ponent of the complex and is conserved both in 
mitochondria and chloroplasts, whereas BamB 
to BamE are all lipoproteins. BamA and BamD 
are essential for viability; however, all compo- 
nents are required for efficient OMP folding and 
insertion (9-11). BamB and BamD interact direct- 
ly with BamA via nonoverlapping binding sites, 
whereas BamC and BamE interact directly with 
BamD to stabilize the complex (9, 12). 

Structures of all the Bam components have 
now been reported, including partial complexes 
of BamAB and BamCD (7, 13-23). The full-length 
structure of BamA from Neisseria gonorrhoeae 
revealed a large periplasmic domain consisting 
of five polypeptide transport-associated (POTRA) 
domains and a C-terminal 16-stranded f-barrel 
domain. Subsequent studies showed that the bar- 
rel domain of BamA opens laterally in the mem- 
brane, possibly to allow insertion of the substrate 
OMPs into the OM (6, 18, 24). BamB may serve as 
a scaffold to assist in the handoff of nascent OMPs 
from SurA to BamA, whereas BamC, BamD, and 
BamE may serve to regulate the function of 
BamA (/4, 17, 25). The structures have offered 
clues to how each component may function 
within the complex; however, the lack of struc- 
tural information regarding the fully assembled 
complex has hindered progress toward exploring 
the mechanism further. We used x-ray crystal- 
lography to solve the structure of the BamACDE 
subcomplex to 3.4 A resolution and used the 
previously reported partial structure of BamAB 
to form a model of the fully assembled BAM 
complex from E. coli. The periplasmic domain of 
BamA was found in a closed state, which prevented 
access to the barrel lumen from the periplasm. 
Binding of BamCDE to BamA causes confor- 
mational twisting of strands B1 to B8 and leads 
to opening of the exit pore and structural re- 
arrangement of the lateral opening site. These 
structural changes suggest that the role of BamCDE 
may be to modulate the conformational states of 
BamA, which regulate the BAM complex. 

The BAM complex from E. coli was expressed 
from a single plasmid and purified as previously 
described with some modifications (supplemen- 
tary methods) (77). SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) analysis verified the 
presence of the full complex, which produced a 
monodisperse peak as seen with size-exclusion 
chromatography (fig. S1). We crystallized the 
complex in CgE, and collected data at the SER- 
CAT ID22 beamline at the Advanced Photon 
Source. The crystal structure of the complex was 
then solved by molecular replacement (fig. S2 
and table S1). On the basis of crystal-packing 
analysis, it was clear that BamB was absent rath- 
er than being disordered. This was possibly due 
to proteolytic degradation during incubation. 
This was verified by SDS-PAGE analysis of crys- 
tals and of the original protein sample, both of 
which lacked BamB after extended incubation or 
storage (fig. S1). The crystal structure contains 
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full-length BamA, BamD, and BamE but only the 
N-terminal flexible domain and the first globular 
helix-grip domain of BamC, with the second helix- 
grip domain presumably being disordered. To 
model the fully assembled BAM complex, we 
used the previously reported structure of the par- 
tial BamAB complex [Protein DataBank (PDB) 
ID 4PK1] (/4) to dock BamB into our crystal struc- 
ture by aligning along POTRA3 of BamA (Fig. 1, 
B and C; movie S1; and model S1). For all acces- 
sory lipoproteins, the N-terminal residues are 
positioned in close proximity to where the OM 
would sit; however, no lipid anchors were observ- 
able in our crystal structure. 

BamCD in our structure aligned well with the 
previously reported complex (PDB ID 3TGO), 
which has a root mean square deviation (RMSD) 
of 1.25 A across both chains (Fig. 2, A and B). 
BamE interacts with the opposite side of BamD 
[buried surface area (BSA) ~800 A”) along the C- 
terminal end (Fig. 2A and tables S2 and S3). Al- 
though BamC and BamE interact with BamD via 
nonoverlapping binding sites, they make minimal 
contact with one another (BSA ~140 A’). Residues 
215 to 344 of BamC, consisting of a linker and 
the second helix-grip domain, were disordered in 
our crystal structure. Previous studies have shown 
that the two helix-grip domains of BamC are 
found on the outside of the cell (26), which sug- 
gests that one or both may interact with the 
surface-exposed loops of BamA. No interaction 
was observed in our structure, which indicates 
that if the two helix-grip domains do indeed 
interact with BamA, a membrane bilayer and/or 
substrate may be required to release BamC from 
BamD so it can be presented on the surface. 

The structure of BamD consists of five 
tetratricopeptide-repeat (TPR) motifs (15, 27, 27) 
and sits parallel to the membrane, with TPR4 
and 5 forming the binding site for BamE, which 
is oriented perpendicular to the membrane 
(Fig. 2A). The binding interface agrees well with 
previously published work, where BamD was 
found to bind BamE along the interface contain- 
ing residues R29, 132, F68, N71, T72, R78, and 
T92 (23, 28). The extensive binding interface has 
numerous hydrogen bonds using both side-chain 
and backbone atoms, as well as a salt bridge 
between D66 of BamE and K233 of BamD (Fig. 2, 
C and D). The binding is further strengthened by 
interactions of M64 and F68 of BamE with hy- 
drophobic pockets in BamD. The interaction be- 
tween BamC and BamE is mediated primarily by 
hydrophobic interactions; the loop of BamC helps 
to form the large hydrophobic pocket where F68 
of BamE binds BamD (table S4). 

In agreement with previous studies (29), BamD 
binds BamA along POTRA5 almost exclusively 
through TPR3 and 4 (BSA ~1100 A”) (Fig. 3, A and 
B, and table S5). The extensive binding interface 
between BamD and POTRAS of BamA is medi- 
ated by hydrogen bonds that use side-chain and 
backbone atoms and three salt bridges between 
residues H139, R197, and R188 of BamD and res- 
idues D358, E373, and D481 of BamA, respectively 
(Fig. 3, B and C). The salt bridge formed by R197 
of BamD and E373 of BamA is central to this 


interaction and agrees with previous studies that 
implicate these residues in binding (30, 37). The 
extended loop of BamD TPR3 (residues 123 to 
130) interacts with periplasmic loop 1 of BamA 
(residues 449 to 452; BSA ~120 A”) (fig. S3). TPR1 
and 2 of BamD also interact minimally with 
POTRA2 of BamA (BSA ~115 A”) (Fig. 3, B and D), 
which suggests that BamD may also participate 
in modulating the conformation of the POTRA 
domains of BamA during OMP biogenesis. 
BamA interacts with BamD, and this is en- 
hanced by the presence of BamE. However, no 
studies have shown that BamA also interacts 
with BamE (9, 72). In our crystal structure though, 
we observe not only the interaction of BamE with 
BamD but also an extensive interaction of BamE 
with POTRA5 of BamA (BSA ~750 A?) (Fig. 3, B 
and E, and table S6). This binding interface is 
composed of numerous hydrogen bonds between 
side-chain and backbone atoms, as well as hydro- 
phobic interactions primarily from W376 of BamA 
(BSA ~130 A?). Residue Y28 of BamE interacts 
with periplasmic loop 3 of BamA, forming hy- 
drogen bonds with P518 and E521, which anchor 
the N terminus of BamE in close proximity to the 
barrel domain of BamA. This may serve to orient 
BamCDE optimally for interacting with BamA 
(Fig. 3, A and F). The observation that BamE 
bridges BamD and BamA agrees well with pre- 
vious work indicating that BamE stabilizes the 
interaction of BamD with BamA (72). Previous 
studies identified BamE residues involved in 
BamD binding (23); however, not all of these resi- 
dues mapped to that interface in our structure. 
Instead, residues Y37, L38, T61, and L63 lie along 
the interface with POTRA5 of BamA, which 
suggests that binding of BamD may lead to 
conformational changes in BamE that promote 
association with BamA. Also, the BamE residues 
identified to interact with phosphatidylglycerol (PG) 
(G60, T70, N71, V76, and F95) are located within 
the periplasm as far as 35 A from the OM (23). 
Therefore, it is unlikely that the PG-binding role 
of BamE contributes directly to the role of the 
BAM complex; however, it is still possible that the 
recruitment of PG in proximity to the BAM com- 
plex increases the efficiency of OMP biogenesis. 
No structure of full-length BamA from E. coli 
has been reported previously, although a struc- 
ture containing the B-barrel domain and POTRA5 
is available (16). In this structure, POTRA5 was 
oriented away from the barrel domain in an 
open conformation allowing access to the 
barrel lumen from the periplasm (fig. S4). How- 
ever, in our structure, POTRAS is in a closed 
conformation relative to the B-barrel domain, 
fully occluding access to the barrel lumen from 
the periplasm. Compared with the BamA struc- 
ture from N. gonorrhoeae (18), the POTRA domains 
rotate ~90° along the plane of the membrane 
upon interaction with BamCDE. POTRA5 makes 
numerous contacts with periplasmic loops 1, 2, 
3, 4, and 6, with the most extensive interactions 
through periplasmic loops 1, 2, and 4 (fig. S5). 
This conformation constitutes a ~45° hingelike 
conformational change of POTRAS to the closed 
state (Fig. 4A). POTRAS interacts most extensively 
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with periplasmic loop 4 (fig. S5 and movie S82), 
which is stabilized by a salt bridge between 
E396 (POTRAS) and R583 (periplasmic loop 4) 
and pi stacking between R421 (POTRAS) and 
Y585 (periplasmic loop 4). Conformational flex- 
ibility of the POTRA domains has been well 
documented (29, 32, 33). Therefore, it remains 
to be determined whether the association of 
BamCDE is solely responsible for the closed 
conformation. 

Binding of BamCDE leads to a conformational 
twist of the B-barrel domain of BamA, with the 
most dramatic change emanating from strand 
B1 (~45°) and gradually diminishing until strand 
69. This conformation is due to the strong in- 
teraction of POTRA5 with BamCDE and with 
periplasmic loop 4, which imposes mechanical 
strain on the first half of the barrel (Fig. 4, B, D, 
and E, and movie S82). This leads to a change in 
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the angle of the first eight strands in the mem- 
brane, such that strands 61 and £16 no longer 
associate as a B-sheet, leading to opening of the 
exit pore along extracellular loops 1, 2, and 3. 
This agrees with recent studies that have shown 
that disulfide cross-linking the exit pore in a 
closed state renders the BAM complex non- 
functional (24). Aligning BamA from our com- 
plex structure with the previously reported E. coli 
BamA structure containing POTRA5 only (PDB 
ID 4C4V) yielded an RMSD of 1.07 A for the 
entire B-barrel domain. However, the RMSD for 
strands B1 to B8 alone was 2.74 A, whereas the 
RMSD for strands B9 to B16 was 0.67 A, which 
highlighted the shift observed in our structure. 

Although the conformational change of the 
barrel of BamA led to opening of extracellular 
loops 1, 2, and 3 along the exit pore, the remain- 
ing loops 4, 5, 6, 7, and 8 remained largely un- 


changed. The exception is that loop 4 undergoes 
a slight shift to stabilize loop 6 (Fig. 4, C and D). 
The rest of loop 6 was unchanged, including the 
conserved VRGF motif (fig. S6). Another conse- 
quence of the conformational twist is structural 
rearrangement at the lateral gate, such that 
strand B1 no longer interacts with strand B16 
(ast strand) to close the barrel, in contrast to 
what has been observed in all other OMPs with 
known structure (Fig. 4, F and G). Rather, most 
of strand B16 sits tucked inside the barrel lumen, 
whereas periplasmic loop 7 and strand B15 con- 
tact strand 61 at an offset angle of ~45° (Fig. 4, D 
to G). This agrees with studies that rendered the 
BAM complex nonfunctional by disulfide cross- 
linking the lateral gate closed (24). 

Based on our crystal structure of BamACDE 
and the existing crystal structure of BamAB (14), 
we report the structure of the fully assembled 


Fig. 2. Interactions of 
BamC and BamE with 
BamD. (A) The 
complex structure of 
BamCDE is shown here 
with BamD in gold, 
BamC in blue, and 
BamE in purple. The 
TPR domains of BamD 
are indicated. The 
bottom panel is rotated 
90° along the x axis 
relative to the top. 

(B) The interactions 
between BamC and 
BamD are nearly the 
same as that observed 
in the previously 
reported crystal struc- 
ture (PDB ID 3TGO) 
with an RMSD of 1.25A 
across both chains. The 
bottom panel is rotated 
90° along the x axis 
relative to the top. 

(C) View showing the 
interactions of BamE 
with BamD TPR4 and 5 
through an extensive 
interface with a buried 
surface area of 

~800 A, containing a 
mix of hydrogen bonds, 
salt bridges, and 
hydrophobic interac- 
tions. (D) A view from 
the top that is rotated 
90° along the x axis to 
further illustrate the 
extensive binding 
interface. 
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BAM complex from E£. coli (movies S1 and S2 and 
model S1). As further validation, our structure is 
in agreement with a model for the BAM complex 
that we recently reported that was based on all 


Fig. 3. Interactions of BamD and BamE with BamA. 
(A) BamD interacts primarily along POTRA5 of BamA 
via TPR4 and 5, but also along POTRA2 via TPR1 and 2, 
whereas BamE interacts along POTRAS. (B) A rotated 
view without the B-barrel domain of BamA highlighting 
the interacting regions. (C) View of the interaction of 


structural, functional, genetics, and biochemical 
studies to date (34). Our structure reveals that 
upon binding BamCDE, the barrel domain of 
BamA undergoes a conformational twist that 


90° 


dramatically changes the angle of the strands 
(shear) in the membrane, which leads to opening 
of the exit pore and rearrangement at the lateral 
gate. This suggests that binding of BamCDE 


BamD with POTRAS of BamA, showing an extensive binding interface with a buried surface area of ~1100 A?, containing a mix of hydrogen bonds, salt bridges, 
and hydrophobic interactions. Residue R197 of BamD clearly forms a salt bridge with E373 of BamA. Residue D481 (green box) is from periplasmic loop 2 of 
BamA. (D) View of the interactions between TPR1 and 2 of BamD with POTRA2 of BamA. Although these interactions are minimal here, they could assist in 
modulating the conformation of BamA. (E) View of the interactions of BamE with POTRAS5 of BamA, an extensive interaction with a buried surface area of ~750 A? 
containing a mix of hydrogen bonds, salt bridges, and hydrophobic interactions. (F) The N-terminal region of BamE was found anchored via hydrogen bonding 
interactions of residue Y28 to residues E521 and P518 of BamA periplasmic loop 3. 
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modulates the conformation of BamA, which 
may serve to regulate the BAM complex. This may 
also serve to “tune” the B-barrel domain of BamA 
to fold OMPs with differing shear numbers by 


adjusting the angle of the strands in the mem- 
brane to match that of the substrate OMPs or to 
further destabilize the local membrane, which 
would reduce the kinetic barrier for OMP in- 


disulfide bond 


sertion (35). Further, the lumen of the barrel of 
BamA is fully occluded from the periplasm. 
Therefore, OMPs are likely inserted into the 
membrane at the lateral gate rather than first 


~45° twist 
(strands B1-B8) 


Fig. 4. Conformational changes in the barrel domain of BamA. (A) Super- 
position of BamA from our structure (green) with PDB ID 4C4V (cyan) reveals 
~45° hingelike conformational change of the POTRA domains to a closed, peri- 
plasm occluded state. (B) Binding of BamCDE to BamA leads to an unprecedented 
twist of strands 81 to B8, with the most dramatic change emanating from strand 
Bl (~45°) and gradually diminishing until strand B9 (movie S2). This leads to 
opening of the exit pore (~15 A by ~27 A) and lateral gate. (C) In response to the 
shift of the barrel strands, an opening of surface loops 1, 2, and 3 was observed; 
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L4 helix 


disulfide bond 


disulfide bond 


L6 extension 


however, surface loops 4, 5, 6, 7, and 8 were mostly unchanged. (D) Rotated view 
highlighting the strand shift along strands B1 to B8 of the barrel domain of BamA. 
(E) View of the strand shift along strands B1 to B8 rotated ~90° relative to (D), 
illustrating a twist of the strands rather than just a simple rotation. (F) View of the 
lateral gate in BamA, where strand 81 and B16 no longer form a B-sheet interaction 
to close the barrel; rather, strands B15 and B16 are situated at ~45° angle relative 
to strand Bl. (G) View showing residues along the lateral gate, with B16 sitting 
tucked inside the barrel and periplasmic loop 7 interacting with strand B1. 
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being threaded through the barrel domain. The 
lateral gate is positioned central to the BAM com- 
plex and would be directly accessible for substrate 
handoff by the accessory lipoproteins or by the 
POTRA domains of BamA. 
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Polysialylation controls dendritic 
cell trafficking by regulating 
chemokine recognition 
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The addition of polysialic acid to N- and/or O-linked glycans, referred to as polysialylation, 
is a rare posttranslational modification that is mainly known to control the developmental 
plasticity of the nervous system. Here we show that CCR7, the central chemokine 
receptor controlling immune cell trafficking to secondary lymphatic organs, carries 
polysialic acid. This modification is essential for the recognition of the CCR7 ligand CCL21. 
As a consequence, dendritic cell trafficking is abrogated in polysialyltransferase-deficient 
mice, manifesting as disturbed lymph node homeostasis and unresponsiveness to 
inflammatory stimuli. Structure-function analysis of chemokine-receptor interactions 
reveals that CCL21 adopts an autoinhibited conformation, which is released upon 
interaction with polysialic acid. Thus, we describe a glycosylation-mediated immune cell 
trafficking disorder and its mechanistic basis. 


olysialylation is a rare posttranslational | as such, is pursued as a therapeutic target (6). 
modification executed by the two en- Recent evidence also suggests various functional 
zymes ST8Sia II and ST8Sia IV (2). These | implications during immune responses (7-10). 
polysialyltransferases generate long o2,8- We immunologically characterized mice lack- 
linked linear homopolymers of sialic acid, | ing ST8Sia IV (11), the polysialyltransferase ex- 
which are attached to N- and/or O-linked glycans | pressed in hematopoietic cells. Under steady-state 
(2). Polysialylation is mainly known to control conditions, mutant animals showed severely re- 
the developmental plasticity of the vertebrate duced cellularity of peripheral lymph nodes (LNs) 
nervous system by modulating cell-cell and cell- | (Fig. 1A) and frequently lacked small popliteal 
matrix adhesions (3). Polysialic acid (polySia) LNs (10 LNs missing out of 16 expected). In- 
further promotes cancer growth and metastasis | fliction of inflammatory stimuli in mutant and 
through largely unknown mechanisms (4, 5) and, control mice failed to trigger LN swelling in the 
former (Fig. 1B). In contrast, cellularity of the 
spleen did not differ significantly between con- 


Mnstitute of Science and Technology Austria (IST Austria), i i z . : 
Am Campus 1, 3400 Klosterneuburg, Austria. Department | trol and mutant mice (Fig. 1A), which might in- 
of Chemistry, University of Wisconsin-Whitewater, 800 dicate specific defects in lymphocyte homing to 
West Main Street, Whitewater, WI 53190, USA. LNs. However, we could not detect polySia on 
Department of Biochemistry, Medical College of the surface of T and B cells, and we did not ob- 
Wisconsin, 8701 Watertown Plank Road, Milwaukee, WI 7 s 
53226, USA. “Institute for Cellular Chemistry, Hannover serve any cell-autonomous trafficking defects in 
Medical School [Medizinische Hochschule Hannover the lymphocyte compartment (fig. S1, A and B). 
(MHH)], Carl-Neuberg-Strasse 1, 30625 Hannover, In contrast, polySia was readily detectable on the 
Germany. Research Institute of Molecular Pathology, surface of dendritic cells (DCs) during steady- 
Vienna Biocenter, Dr. Bohr Gasse 7, 1030 Vienna, Austria. . a 
School of Chemistry, The University of Sydney, Sydney, state conditions (Fig. 1C, upper panel, and fig. 
New South Wales 2006, Australia. “Institute of S1C), and it was additionally elevated upon in- 
Immunology, Hannover Medical School (MHH), Carl- flammatory stimulation (Fig. 1C, lower panel). 
RRUBHEot a aaah Bellet meruiany : LNs of St8sia4-deficient mice contained reduced 
Corresponding author. E-mail: eva.kiermaier@ist.ac.at (E.K.); é 
sixt@ist.ac.at (M.S.) {These authors contributed equally to amounts of DC subsets known to migrate from 
this work. peripheral tissues into the LNs (Fig. 1D). Although 
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DCs constitute only ~1% of cells in the LNs, they 
control LN size by instructing stromal cells to 
recruit lymphocytes and maintain their homeosta- 
sis (12, 13). Hence, a reduced size of the DC 
compartment might provide a potential explana- 
tion for reduced overall LN size. To test whether 
defective migration from the periphery was re- 
sponsible for reduced DC numbers in LNs, we 
performed skin-painting experiments, in which 
endogenous DCs of the skin are mobilized and 
subsequently migrate, via the afferent lymphatic 
vessels, into the draining LN (J4). In St8sia4- 
deficient mice, migration of DCs into draining 
LNs was almost completely abrogated (Fig. 1E). 
We next used an in vitro reconstituted system 
to measure the migratory potential of polySia- 
deficient DCs. To this end, we generated DCs 
in vitro from bone marrow precursors. We con- 
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firmed that control cells up-regulate polySia 
upon inflammatory stimulation, whereas St8sia4- 
deficient cells differentiated normally but com- 
pletely lacked polySia (fig. SID). When we co- 
injected control and St8sia4-deficient DCs into 
the footpads of wild-type recipient mice, polySia- 
deficient DCs were completely unable to enter 
the LNs (Fig. 2A), formally showing that polySia 
dependency is cell-autonomous. We next incor- 
porated the in vitro-generated DCs into three- 
dimensional (3D) collagen gels and exposed them 
to gradients of the chemokines CCL19 and CCL21 
(Fig. 2B). By binding to CCR7, these chemokines 
guide DCs into the draining LN (75). Whereas the 
migratory response toward gradients of CCL19 
was equally efficient for control and knockout cells, 
polySia-deficient DCs were completely refractory 
to CCL21 (Fig. 2B). Similarly, signaling, as mea- 


St8sia4 Cc 


A 


sured by Akt and extracellular signal-regulated 
kinase (ERK) phosphorylation, was largely abol- 
ished in response to CCL21, whereas the CCL19- 
triggered signal was comparable to that in 
control cells (fig. $2). Hence, polySia-deficient 
DCs were capable of differentiating and migrat- 
ing regularly but were selectively unresponsive 
toward CCL21. 

En route from the periphery into the LN, CCL21 
mediates two key steps: (i) directed interstitial 
migration toward the dermal lymphatic vessel 
and (ii) migration from the LN’s subcapsular 
sinus into the deep T cell area. To exclude any 
confounding effects of CCL19, we probed DC 
migration in Ccl19-deficient hosts. To bypass the 
skin and directly measure migration within 
the LN, we injected DCs into the afferent lym- 
phatic vessel (fig. S3A) (6). Within the LN, 
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Fig. 1. PolySia on DCs is required for regular LN homeostasis and regu- 
lates inflammatory responses. (A) Cellularity of secondary lymphoid organs 
in St8sia4-deficient (St8sia4“) and control mice (left). The graphs show the 
total leukocyte numbers of single organs. Brachial and inguinal LNs have been 
pooled as peripheral LNs (PLNs). The results shown are averages of three 
independent experiments with six different age-matched mice per genotype, 
+ SD. On the right is a representative image of secondary lymphoid organs 
from St8sia4“~ and control mice. (B) Lipopolysaccharide (+LPS) or phosphate- 
buffered saline only (-LPS) was injected into the hind footpads of St8sia4-— 
and control mice, and popliteal LNs were analyzed 48 hours after injection. The 
image shows representative popliteal LNs from St8sia4“~ and control animals. 
The graph shows average cellularity + SD of three independent experiments 
with seven animals analyzed per genotype. (C) Flow cytometry of polySia levels 
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on leukocytes isolated from popliteal LNs from St8sia4“~ and control mice ina 
steady state (upper right panel) and after LPS injection (lower panels). Migra- 
tory DCs are defined as CD11c* MHCII"®" and further classified by Langerin 
staining. In the upper left panels, dots indicate single cell events. Gates are 
shown. (D) Immunohistology of inguinal LNs from St8sia4-7~ and control mice 
(left). B and T cell areas are indicated. Scale bar, 150 um. The graph on the right 
shows the quantification of Langerin intensities. Bars represent normalized 
mean Langerin intensities (+t SD) of PLNs of three different mice per genotype. 
(E) Fluorescein isothiocyanate (FITC) painting of St8sia4~~~ and control mice. 
The graph shows averages + SD of the total numbers of FITC* and Langerin* cells 
per organ from five different mice per genotype. Controls are derived from non- 
painted ears (controlateral). For all bar graphs, differences between St8sia4-7— 
and control mice were examined by two-tailed unpaired Student's t tests. 
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polySia-deficient DCs behaved like control cells 
and entered the deep T cell parenchyma, whereas 
Ccr7-deficient DCs were unable to leave the 
subcapsular sinus, as previously shown (Fig. 2C) 
(16). Next, we selectively probed migration with- 
in the skin and co-incubated skin explants with 
polySia-deficient and control DCs. We found that 
only control cells entered the dermal lymphatic 
vessels, whereas polySia-deficient DCs did not 
even infiltrate the dermal interstitium (Fig. 2D), 
therefore precisely phenocopying Ccr7-deficient 
DCs (17). Similarly, in cultured ear explants of 
St8sia4-deficient mice, DCs remained in the in- 
terstitium and failed to enter the lumen of lym- 
phatic vessels, in contrast to DCs in control tissue 
(fig. S3B). Hence, DCs require polySia to sense 
dermal CCL21, whereas sensing of LN CCL21 is 
independent of polySia. Tissue context-specific 
presentation of CCL21 might explain why T cells, 
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which do not express polySia, are able to home 
into LNs of Ccl19-deficient mice (78), although 
they only responded to CCL19 and not to CCL21, 
when exposed to soluble chemokine (fig. S3C). 
This prompted us to study the molecular mecha- 
nism underlying polySia-dependent CCL21 sensing. 

Although the chemokine domain of CCL21 is 
structurally similar to that of CCL19 (19, 20), 
CCL21 carries a positively charged C-terminal 
extension, which mediates binding to glycans, 
particularly heparan sulfate residues (27). It has 
been suggested that, via these residues, CCL21 
might also interact with negatively charged polySia 
(9). Consequently, cell surface polySia might act 
as a co-receptor and increase the local availabil- 
ity of CCL21 for CCR7 (22). Of the seven proteins 
that were described as polySia carriers (2), only 
neuropilin-2 was expressed on mature DCs (7, 23). 
However, in vivo and in vitro migration assays 
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with neuropilin-2-deficient DCs did not show any 
perturbed migratory responses (fig. S4, A and B). 
Because neuropilin-2-deficient DCs still carried 
polySia, we immunoprecipitated polySia from 
lysates of mature DCs and used mass spectrom- 
etry to identify the underlying protein scaffold(s). 
This unbiased approach revealed three previous- 
ly unknown putative polySia carriers, including 
CCR7 (fig. S4C and table S1). CCR7 and neuropilin- 
2 emerged as the only candidate molecules ex- 
posed on the cell surface. 

This suggests that, apart from neuropilin-2, 
CCR7 is a second polySia carrier on the surface of 
mature DCs. To further investigate CCR7 as a di- 
rect target of polysialylation, we used a human 
embryonic kidney (HEK) 293 cell system. When 
green fluorescent protein (GFP) was immuno- 
precipitated from lysates of cells coexpressing a 
CCR7-GFP fusion protein and STS8Sia IV, polySia 
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Fig. 2. PolySia affects CCL21 sensing in peripheral tissues. (A) Foot- 
pad injection of TAMRA (tetramethylrhodamine azide)— and CFSE (carboxy- 
fluorescein diacetate succinimidyl ester )—-labeled St8sia4-“~ and control bone 
marrow DCs into wild-type recipient mice. Mice were euthanized 48 hours after 
injection and analyzed by flow cytometry (left) and immunohistochemistry 
(right). Cryosections of popliteal (pop) LNs were stained against laminin. 
Scale bar, 100 um. (B) The left panels show single cell tracks of St8sia4-“— 
and control bone marrow DCs migrating within 3D collagen matrices toward 
CCL19 and CCL21 gradients (indicated by gray wedges; 0.33 uM per gel). 
Average velocities (v) + SD and directionality (d) are indicated for each genotype 
and condition. On the right is an automated analysis of y-directed velocities of DC 
migration in 3D collagen gels. The curves show average speeds in the y direction 
over time + SD from eight independent experiments with cells isolated from at 


188 8 JANUARY 2016 + VOL 351 ISSUE 6269 


least three different mice. The inset illustrates the experimental setup. (C) Intra- 
lymphatic injection of TAMRA-labeled St8sia4~, control, or Ccr7”~ bone 
marrow DCs into Ccll9~~ recipient mice. Ten hours after injection, popliteal 
LNs were stained against laminin to visualize LN architecture (parenchyma and 
cortical sinus). The graph on the right shows average migratory distances + SD of 
TAMRA* DCs from the LN edge to the parenchyma (at least five mice per group). 
Scale bar, 250 um. (D) On the left are z-stack projections of wild-type ear sheets 
incubated with St8sia4~“~ and control bone marrow DCs and stained against 
LYVE1. Quantification of cells inside lymphatic vessels is shown in the graph on 
the right. Bars indicate average values + SD of five different fields per view of 
three independent experiments. Scale bar, 100 um. For all bar graphs, diffe- 
rences between groups were examined by two-tailed Student's t tests [(A) and 
(D), unpaired; (C), paired]. 
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could be detected in the precipitate, whereas it 
was absent in precipitates of both single trans- 
fectants (Fig. 3A). Vice versa, precipitation of 
polySia revealed CCR7-GFP specifically in the dou- 
ble transfectants (Fig. 3B). Further biochemical 
and mutational analysis in HEK293 cells indi- 
cated that polySia was attached to both the N- 
and O-linked glycans of CCR7, because inhibition 
of either N- or O-glycosylation did not fully abro- 
gate polysialylation of CCR7 (fig. S4, D and E). To 
substantiate that CCR7 is polysialylated in DCs, 
we used flow cytometry to analyze cell-surface lev- 
els of polySia in Cer7-deficient and control DCs 
and found reduced polySia on Ccr7-deficient cells 
(Fig. 3C). This further suggests that, apart from 
neuropilin-2, CCR7 is a second carrier of polySia 
on the surface of mature DCs. 

A co-receptor model would predict that polySia 
on CCR7 might bind CCL21’s C terminus, thereby 
effectively increasing receptor-to-ligand affinity. 
To test this idea, we C-terminally truncated CCL21 
and performed chemotaxis assays. At odds with a 
co-receptor model, the responsiveness of polySia- 
deficient DCs to CCL21 was restored when the 
chemokine was C-terminally truncated (Fig. 4A). 
This finding indicated that, rather than enhanc- 
ing CCR7 binding to CCL21, the polySia-CCL21 
interaction might promote signaling by releasing 
CCL21 from an otherwise inactive state. This would 
be consistent with an autoinhibition model, in 
which the C terminus of CCL21 induces structural 
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Fig. 3. CCR7 is polysialylated on mature dendritic 
cells. (A) Pull-down assay of the CCR7-GFP fusion pro- 
tein from HEK293 cells cotransfected with murine 
Cer7-gfp and St8sia4 plasmids (wt, wild type; IP, im- 
munoprecipitate). CCR7-GFP was immunoprecipitated 
with GFP antibody—coupled magnetic beads (upper 
panel), and polySia was detected with monoclonal 


alterations within the chemokine domain that 
prevent signaling but that can be reversed upon 
polySia binding. 

CCL21’s C terminus is unstructured and does 
not adopt a stable fold (20). We therefore per- 
formed nuclear magnetic resonance spectroscopy 
to detect chemical shifts that might distinguish 
the chemokine domain conformation of full-length 
CCL21 from that of C-terminally truncated CCL21. 
As expected, truncation caused chemical shift 
changes in residues with immediate proximity 
to the truncation site (fig. S5A). However, ad- 
ditional chemical shifts localized to the a-helix of 
the chemokine domain (residues 63, 64, 66, 67, 
69, and 70) and to additional residues (26, 31, 41, 
47, and 54; Fig. 4B and fig. S5A). These shift 
perturbations distal to the site of truncation sug- 
gest that CCL21’s C terminus transiently interacts 
with the chemokine domain of CCL21, thereby 
providing a putative structural correlate of func- 
tional autoinhibition. When polySia was titrated 
to full-length CCL21, residues belonging to the 
putative autoinhibition signature shifted to posi- 
tions similar to those observed in the spectra of 
truncated CCL21 (Fig. 4C and fig. S5B). Hence, in 
the presence of polySia, the chemokine domain 
of full-length CCL21 adopts a similar conforma- 
tion as that of C-terminally truncated CCL21. 
PolySia binding to truncated CCL21 was consid- 
erably weaker than to full-length CCL21, confirm- 
ing that interactions mainly take place via the C 


220 antibody 735 (lower panel). (B) Pull-down assay of 
polysialylated proteins from HEK293 cells cotrans- 
fected with murine Ccr7-gfp and St8sia4 plasmids. 

120 Polysialylated proteins were immunoprecipitated with 

100 iEndoN-coupled magnetic beads (upper panel), and 
CCR7-GFP was detected using an antibody to GFP 

80 (lower panel). In (A) and (B), input represents 1/10th 
of the total cell lysate. (C) Flow cytometry of polySia 
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terminus (fig. S5C). Together, these data suggest 
that CCL21’s C terminus structurally alters its 
chemokine domain, probably by transient binding, 
and that this structural alteration is abrogated by 
polySia binding to CCL21’s C-terminal extension. 

To functionally challenge the autoinhibition 
model, we took advantage of the fact that the 
polySia-insensitive chemokine CCL19 naturally 
lacks a C-terminal extension and produced a 
recombinant chemokine with CCL21’s C termi- 
nus transplanted to CCL19 (Fig. 4D, right panel). 
Chemotaxis assays revealed that control DCs re- 
sponded to the chimeric chemokine with kinetics 
that were more similar to those observed for 
CCL21 than for CCL19 (Fig. 4D, left panel). The 
maximal directed response of wild-type DCs 
toward the chimera was slightly diminished in 
comparison with the response toward CCLI9. 
Most relevantly, transplantation of CCL21’s C 
terminus to CCL19 conferred polySia sensitivity, 
because the response of polySia-deficient DCs to 
the chimeric chemokine was largely abrogated. 
These data corroborate a model in which polySia 
releases CCL21 from an autoinhibited state by 
interacting with CCL21’s C terminus. 

We have described here a glycosylation- 
dependent immune cell trafficking defect and its 
underlying molecular mode of action. The polySia- 
dependent release of CCL21 autoinhibition is a 
mechanism of chemokine regulation that is likely 
to be relevant for other chemokines that have 
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Fig. 4. Identification of an autoinhibitory interaction site within CCL21. 
(A) Migration of mature bone marrow DCs within 3D collagen gels toward 
truncated CCL21 (CCL21trunc). Shown are average speeds in the y direction 
over time + SD from eight independent experiments with cells generated from 
at least three different mice. (B) The left panel shows overlays of a portion of 
the "NH HSQC (heteronuclear single-quantum coherence) spectra of full- 
length CCL21(CCL21-FL) residues 1 to 111 (black) and CCL21trunc residues 1 to 
79 (purple) (ppm, parts per million). Red arrows indicate chemical shifts of the 
respective residue. On the right, the first 79 amino acids of the CCL21-FL 


chimera 
CCL19 1-70- 
CCL21 78-111 


time [min] 


structure are depicted with residues (purple) that showed significant changes 
in chemical shift perturbations upon truncation. The red circle indicates a pu- 
tative autoinhibitory site. (C) The left panel shows overlays of a portion of the 
SNH HSQC spectra of CCL21-FL 1 to 111 (black) and CCL21-FL titrated with 
increasing concentrations of polySia DP9 (grays to cyan; DP, degree of poly- 
merization). On the right, residues within CCL21-FL with significant polySia- 
induced chemical shift perturbations are colored cyan. (D) Migration of mature 
bone marrow DCs toward the chimeric chemokine (left) and schematic rep- 
resentations of chemokines used for in vitro migration assays (right). 


similar C-terminal extensions. The finding that 
polySia dependency is restricted to the skin sug- 
gests that, depending on the molecular context, 
CCL21 can either be present in the autoinhibited 
or the active form. The mechanism that we de- 
scribe also illuminates how glycosylation of a G 
protein-coupled receptor allows discrimination 
between two alternative ligands. Apart from being 
the key coordinator of adaptive immune cell traf- 
ficking, the CCR7 axis is also centrally involved 
in the spread of metastatic tumors, suggesting that 
our findings may be therapeutically relevant. 
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By Roger S. Day 
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Want a letter? You write it for me 


few years back, I asked two colleagues for letters of support for my grant proposal. One col- 
league drafted a letter personally. The other, citing heavy time pressures, asked me to draft the 
letter myself. I was sympathetic, but I felt queasy pretending to be someone else as I described 
my own work. To appease my conscience, I wrote as myself: “I” meant me and “you” meant 
my colleague. This was risky. If the colleague simply signed and sent the letter, neglecting the 
required pronoun switcheroo, the letter would instantly reveal its true originator. I am grate- 
ful that the colleague saved me that embarrassment, and even added authentic language to the letter. 


Later, at a workshop on winning 
grant-writing strategies, I asked 
the instructor about this prac- 
tice, describing my discomfort. 
The response was, “Get over it.” 
The practice is common, after 
all. A letter from an established 
senior person—a VIP for short— 
can strengthen an application for 
school admission, a job, or a grant. 
To write an informed, original let- 
ter from scratch, however, would 
require more knowledge of the 
candidate and the project than the 
VIP has time to acquire. It would 
be a poor professional investment, 
with the VIP’s own duties, articles, 
and grant proposals clamoring for 
attention. Furthermore, as a salary 
comparison would show, the VIP’s 
time is far more precious than the 
applicant’s. (But how valid is this? 
Who knows what the applicant might achieve years hence? 
What was an hour of young Einstein’s time worth?) 

So the VIP says, “Sure! Glad to help! Of course, ’m a 
busy person. Draft it for me.” The applicant may be startled. 
How awkward, trying to write words of praise about oneself 
while pretending that they are someone else’s. How much 
flattery is too much, or too little? Besides, isn’t this a 
deception that betrays academia’s dedication to truth? 

In fact, a reviewer can often detect words that origi- 
nated with the applicant. The discovery correctly de- 
values the letter, harming the applicant’s chances. When 
the VIP does write an original and well-informed letter, 
the reviewer may still assume that its authorship, like that 
of so many other letters, is partly misrepresented. This is 
an injustice to both the applicant and the responsible VIP. 

Pity the applicant receiving two such requests, feel- 
ing doubly queasy trying to draft two different letters for 
the same committee. Facing time pressure, the applicant 
may give both VIPs similar drafts, hoping they will make 


“This is an injustice to 
both the applicant and the 
responsible VIP.” 


the extra effort to customize their 
letters enough to disguise the 
common origin. On a committee 
reviewing one such applicant, I 
read two letters that were virtually 
identical. The applicant took the 
fall, but the fault lies with the two 
VIPs, whose indifference doomed 
the application. 

The worst consequence of this 
practice is the message imprinted 
on a young applicant’s mind: 
“Everybody does it.” Apparently, 
minor frauds like this are not just 
condoned but expected by aca- 
demic leaders. Apparently, people 
rise in the system by offloading 
work to the less powerful. Appar- 
ently, the words of the more pres- 
tigious are not golden; sometimes 
they are not even their own. Per- 
haps around the corner a slightly 
larger fraud is acceptable, including those too-common 
courtesy authorships for the highly placed. Then that 
leads to larger ones: covering up data problems and, 
ultimately, falsifying data. Thus do we introduce young 
people to our system. Several students I know lost some 
respect for VIPs who had students writing letters that they 
should be writing themselves. 

You can help fix this. If you are a VIP asked to write 
a letter of support and you write it yourself, just add a 
notation: “The content of this letter is original with the 
undersigned author.” Applicant, go ahead and encourage 
your VIP to add it. The readers will know to exempt the 
letter from the usual degraded valuation. If this practice 
catches on, our scientific culture may swing back toward 
reverence for integrity. & 


Roger S. Day is an associate professor of biomedical infor- 
matics and biostatistics at the University of Pittsburgh in 
Pennsylvania. Send your story to SciCareerEditor @aaas.org. 
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